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Preface 


What enters your mind when you hear the words "organic chemistry?" Some of you may think, 
"the chemistry of life," or "the chemistry of carbon." Other responses might include "pre-med, 
"pressure," "difficult," or "memorization." Although formally the study of the compounds of 
carbon, the discipline of organic chemistry encompasses many skills that are common to other 
areas of study. Organic chemistry is as much a liberal art as a science, and mastery of the concepts 
and techniques of organic chemistry can lead to improved competence in other fields. 

As you work on the problems that accompany the text, you will bring to the task many 
problem-solving techniques. For example, planning an organic synthesis requires the skills of a 
chess player; you must plan your moves while looking several steps ahead, and you must keep 
your plan flexible. Structure-determination problems are like detective problems, in which many 
clues must be assembled to yield the most likely solution. Naming organic compounds is similar to 
the systematic naming of biological specimens; in both cases, a set of rules must be learned and 
then applied to the specimen or compound under study. 

The problems in the text fall into two categories: drill and complex. Drill problems, which 
appear throughout the text and at the end of each chapter, test your knowledge of one fact or 
technique at a time. You may need to rely on memorization to solve these problems, which you 
should work on first. More complicated problems require you to recall facts from several parts of 
the text and then use one or more of the problem-solving techniques mentioned above. As each 
major type of problem — synthesis, nomenclature, or structure determination — is introduced in the 
text, a solution is extensively worked out in this Solutions Manual. 


Here are several suggestions that may help you with problem solving: 


1. The text is organized into chapters that describe individual functional groups. As you 
study each functional group, make sure that you understand the structure and reactivity of 
that group. In case your memory of a specific reaction fails you, you can rely on your 
general knowledge of functional groups for help. 


2. Use molecular models. It is difficult to visualize the three-dimensional structure of an 
organic molecule when looking at a two-dimensional drawing. Models will help you to 
appreciate the structural aspects of organic chemistry and are indispensable tools for 
understanding stereochemistry. 


3. Every effort has been made to make this Solutions Manual as clear, attractive, and 
error-free as possible. Nevertheless, you should use the Solutions Manual in moderation. 
The principal use of this book should be to check answers to problems you have already 
worked out. The Solutions Manual should not be used as a substitute for effort; at times, 
struggling with a problem is the only way to teach yourself. 


4. Look through the appendices at the end of the Solutions Manual. Some of these 
appendices contain tables that may help you in working problems; others present 
information related to the history of organic chemistry. 


Although the Solutions Manual is written to accompany Organic Chemistry, it contains 
several unique features. Each chapter of the Solutions Manual begins with an outline of the text that 
can be used for a concise review of the text material and can also serve as a reference. After every 
few chapters a Review Unit has been inserted. In most cases, the chapters covered in the Review 
Units are related to each other, and the units are planned to appear at approximately the place in the 
textbook where a test might be given. Each unit lists the vocabulary for the chapters covered, the 
skills needed to solve problems, and several important points that might need reinforcing or that 
restate material in the text from a slightly different point of view. Finally, the small self-test that has 
been included allows you to test yourself on the material from more than one chapter. 


V 
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vi Preface 


I have tried to include many types of study aids in this Solutions Manual. Nevertheless, 
this book can only serve as an adjunct to the larger and more complete textbook. If Organic 
Chemistry is the guidebook to your study of organic chemistry, then the Solutions Manual is the 
roadmap that shows you how to find what you need. 
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being prepared. Although many people at Brooks/Cole Publishing company have given me 
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Chapter 1 — Structure and Bonding 


Chapter Outline 


I. Atomic Structure (Sections 1.1—1.3). 
A. Introduction to atomic structure (Section 1.1). 
1. An atom consists of a dense, positively charged nucleus surrounded by negatively 
charged electrons. 
a. The nucleus is made up of positively charged protons and uncharged neutrons. 
b. The nucleus contains most of the mass of the atom. 
c. Electrons move about the nucleus at a distance of about 2 x 109 m (200 pm). 
The atomic number (Z) gives the number of protons in the nucleus. 
The mass number (A) gives the total number of protons and neutrons. 
All atoms of a given element have the same value of Z. 
a. Atoms of a given element can have different values of A. 
b. Atoms of the same element with different values of A are called isotopes. 
B. Orbitals (Section 1.2). 
1. The distribution of electrons in an atom can be described by a wave equation. 
a. The solution to a wave equation is an orbital, represented by v. 
b. v predicts the volume of space in which an electron is likely to be found. 
2. There are four different kinds of orbitals (s, p, d, f). 
a. The s orbitals are spherical. 
b. The p orbitals are dumbbell-shaped. 
c. Four of the five d orbitals are cloverleaf-shaped. 
3. An atom's electrons are organized into electron shells. 
a. The shells differ in the numbers and kinds of orbitals they contain. 
b. Electrons in different orbitals have different energies. 
c. Each orbital can hold up to a maximum of two electrons. 
4. The two lowest-energy electrons are in the 15 orbital. 
a. The 2s orbital is the next higher in energy. 
b. The next three orbitals are 2px, 2py and 2p;, which have the same energy. 
1. Each p orbital has a region of zero density, called a node. 
c. The lobes of a p orbital have opposite algebraic signs. 
C. Electron Configuration (Section 1.3). 
1. The ground-state electron configuration of an atom is a listing of the orbitals 
occupied by the electrons of the atom in the lowest energy configuration. 
2. Rules for predicting the ground-state electron configuration of an atom: 
a. Orbitals with the lowest energy levels are filled first. 
i. The order of filling is 1s, 2s, 2p, 3s, 3p, 4s, 3d. 
b. Only two electrons can occupy each orbital, and they must be of opposite spin. 
c. Iftwo or more orbitals have the same energy, one electron occupies each until 
all are half-full (Hund's rule). Only then does a second electron occupy one of 
the orbitals. 
i. Allofthe electrons in half-filled shells have the same spin. 
П. Chemical Bonding Theory (Sections 1.4—1.5). 
A. Development of chemical bonding theory (Section 1.4). 
1. Kekulé and Couper proposed that carbon has four "affinity units"; carbon is 
tetravalent. 
2. Kekulé suggested that carbon can form rings and chains. 


AUN 
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3. Van't Hoff and Le Bel proposed that the 4 atoms to which carbon forms bonds sit 
at the corners of a regular tetrahedron. 

4. Inadrawing of a tetrahedral carbon, a wedged line represents a bond pointing 
toward the viewer, a dashed line points behind the plane of the page, and a solid 
line lies in the plane of the page.. 

B. Covalent bonds. 

1. Atoms bond together because the resulting compound is more stable than the 

individual atoms. 

a. Atoms tend to achieve the electron configuration of the nearest noble gas. 

b. Atoms in groups 1A, 2A and 7A either lose electrons or gain electrons to form 
ionic compounds. 

c. Atoms in the middle of the periodic table share electrons by forming covalent 
bonds. 

d. The neutral collection of atoms held together by covalent bonds is a molecule. 

2. Covalent bonds can be represented two ways. 

a. In electron-dot structures, bonds are represented as pairs of dots. 
b. In line-bond structures, bonds are represented as lines drawn between two 
bonded atoms. 

3. The number of covalent bonds formed by an atom depends on the number of 
electrons it has and on the number it needs to achieve an octet. 

4. Valence electrons not used for bonding are called lone-pair (nonbonding) electrons. 
a. Lone-pair electrons are often represented as dots. 

C. Valence bond theory (Section 1.5). 

1. Covalent bonds are formed by the overlap of two atomic orbitals, each of which 
contains one electron. The two electrons have opposite spins. 

2. Bonds formed by the head-on overlap of two atomic orbitals are cylindrically 
symmetrical and are called o bonds. 

3. Bond strength is the measure of the amount of energy needed to break a bond. 

4. Bond length is the optimum distance between nuclei. 

5. Every bond has a characteristic bond length and bond strength. 

III. Hybridization (Sections 1.6—1.10). 
A. зр? Orbitals (Sections 1.6, 1.7). 

]. Structure of methane (Section 1.6). 

a. When carbon forms 4 bonds with hydrogen, one 2s orbital and three 2p orbitals 
combine to form four equivalent atomic orbitals (sp? hybrid orbitals). 

b. These orbitals are tetrahedrally oriented. 

c. Because these orbitals are unsymmetrical, they can form stronger bonds than 
unhybridized orbitals can. 

d. These bonds have a specific geometry and a bond angle of 109.5°. 

2. Structure of ethane (Section 1.7). 

a. Ethane has the same type of hybridization as occurs in methane. 

b. The C-C bond is formed by overlap of two sp? orbitals. 

j$: Bond lengths, strengths and angles are very close to those of methane. 

B. sp ? Orbitals (Section 1.8). 

1. If one carbon 2s orbital combines with two carbon 2p orbitals, three hybrid sp? 
orbitals are formed, and one p orbital remains unchanged. 

2. The three sp? orbitals lie in a plane at angles of 120°, and the unhybridized p orbital 
is perpendicular to them. 

3. Two different types of bonds form between two carbons. 

a. A o bond forms from the overlap of two sp ? orbitals. 
b. A x bond forms by sideways overlap of two p orbitals. 
c. This combination is known as a carbon-carbon double bond. 
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4. Ethylene is composed of a carbon-carbon double bond and four o bonds formed 
between the remaining four sp^ orbitals of carbon and the 15 orbitals of hydrogen. 
a. The double bond of ethylene is both shorter and stronger than the C—C bond of 
ethane. 
C. sp Orbitals (Section 1.10). 
1. If one carbon 2s orbital combines with one carbon 2p orbital, two hybrid sp orbitals 
are formed, and two p orbitals are unchanged. 
2. The two sp orbitals аге 180? apart, and the two p orbitals are perpendicular to them 
and to each other. 
3. Two different types of bonds form. 
a. A o bond forms from the overlap of two sp orbitals. 
b. Two z bonds form by sideways overlap of four unhybridized p orbitals. 
c. This combination is known as a carbon-carbon triple bond. 
4. Acetylene is composed of a carbon-carbon triple bond and two o bonds formed 
between the remaining two sp orbitals of carbon and the 15 orbitals of hydrogen. 
a. The triple bond of acetylene is the strongest carbon-carbon bond. 
D. Hybridization of nitrogen and oxygen (Section 1.10). 
1. Covalent bonds between other elements can be described by using hybrid orbitals. 
2. Both the nitrogen atom in ammonia and the oxygen atom in water form sp” hybrid 
orbitals. 
a. The lone-pair electrons in these compounds occupy sp? orbitals. 
3. The bond angles between hydrogen and the central atom is often less than 109° 
because the lone-pair electrons take up more room than the o bond. 
4. Because of their positions in the third row, phosphorus and sulfur can form more 
than the typical number of covalent bonds. 
IV. Molecular orbital theory (Section 1.11). 
A. Molecular orbitals arise from a mathematical combination of atomic orbitals and belong 
to the entire molecule. 
1. Two 1s orbitals can combine in two different ways. 
a. The additive combination is a bonding MO and is lower in energy than the two 
hydrogen 15 atomic orbitals. 
b. The subtractive combination is an antibonding MO and is higher in energy than 
the two hydrogen 15 atomic orbitals. 
2. Two p orbitals in ethylene can combine to form two л MOs. 
a. The bonding MO has no node; the antibonding MO has one node. 
3. Anode is a region between nuclei where electrons aren't found. 
a. Ifa node occurs between two nuclei, the nuclei repel each other. 
V. Chemical structures (Section 1.12). 
A. Drawing chemical structures. 
1. Condensed structures don't show С-Н bonds and don't show the bonds between 
CH3, CH» and CH units. 
2. Skeletal structures are simpler still. 
a. Carbon atoms aren't usually shown. 
b. Hydrogen atoms bonded to carbon aren't usually shown. 
c. Other atoms (O, N, Cl, etc.) are shown. 
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Solutions to Problems 


1.1 (а) To find the ground-state electron configuration of an element, first locate its atomic 
number. For oxygen, the atomic number is 8; oxygen thus has 8 protons and 8 electrons. 
Next, assign the electrons to the proper energy levels, starting with the lowest level. Fill 
each level completely before assigning electrons to a higher energy level. 
Notice that the 2p electrons are in different orbitals. According to Hund's rule, we must 
place one electron into each orbital of the same energy level until all orbitals are half-filled. 


„HEH 
Oxygen 2s AL 
E 


Remember that only two electrons can occupy the same orbital, and that they must be of 
opposite spin. 

A different way to represent the ground-state electron configuration is to simply write 
down the occupied orbitals and to indicate the number of electrons in each orbital. For 
example, the electron configuration for oxygen is 152 252 2p*. 


(b) Nitrogen, with an atomic number of 7, has 7 electrons. Assigning these to energy 


levels: 
Nitrogen 2p ns Me ih 
2s AL 
15 H- 


А The more concise way to represent ground-state electron configuration for nitrogen: 
15° 25^ 2p 


(c) Sulfur has 16 electrons. 
152 252 2р® 352 3p^ 


HHE 
| 

Sulfur » A AL AL 
+ 
AL 
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1.2  Theelements of the periodic table are organized into groups that are based on the number of 
outer-shell electrons each element has. For example, an element in group 1A has one outer- 
shell electron, and an element in group 5A has five outer-shell electrons. To find the 
number of outer-shell electrons for a given element, use the periodic table to locate its 


group. 


(a) Magnesium (group 2A) has two electrons in its outermost shell. 

(b) Cobalt is a transition metal, which has two electrons in the 4s subshell, plus seven 
electrons in its 3d subshell. 

(c) Selenium (group 6A) has six electrons in its outermost shell. 


1.3 A solid line represents a bond lying in the plane of the page, a wedged bond represents а 
bond pointing out of the plane of the page toward the viewer, and a dashed bond represents 
a bond pointing behind the plane of the page. 


| 
Cz Chloroform 
gie МО 
Cl 
1.4 
\ е 
- \ “Н 
" yr С © Ethane 
( H H 


1.5 Identify the group of the central element to predict the number of covalent bonds the 
element can form. 


(a) Carbon (Group 4A) has four electrons in its valence shell and forms four bonds to 
achieve the noble-gas configuration of neon. A likely formula is ССІ. 


Element Group Likely Formula 


(D Al ЗА AIH 
(с) C 4A CHCl; 
(d) Si 4A SiF4 


(e) N 5A CH3NH5 
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1.6 Start by drawing the electron-dot structure of the molecule. 


(1) Determine the number of valence, or outer-shell electrons for each atom in the 
molecule. For chloroform, we know that carbon has four valence electrons, hydrogen 
has one valence electron, and each chlorine has seven valence electrons. 


T 1 
н: tx T= 1 
:Qr 7х3 =21 


26 total valence electrons 
(2) Next, use two electrons for each single bond. 


H 
CI: C: Cl 
Cl 


(3) Finally, use the remaining electrons to achieve an noble gas configuration for all atoms. 
For a line-bond structure, replace the electron dots between two atoms with a line. 


Molecule Electron-dot structure Line-bond structure 
Н | 
(a) CHCl, CI: C: Cl: >Cl— C—Cl: 
:Cl: a : 
(b н H:S: H—S: 
8 valence electrons H H 
H H ji Hl 
(c) снзмн, НІС: МЕН H—C-N-H 
14 valence electrons H H 
H | 
(а) CH3Li H:C:Li Hester 
H 


8 valence electrons 


1.7 Each of the two carbons has 4 valence electrons. Two electrons are used to form the 
carbon-carbon bond, and the 6 electrons that remain can form bonds with a maximum of 6 


hydrogens. Thus, the formula C2H4 is not possible. 
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1.8 Connect the carbons and add hydrogens so that all carbons are bonded to four different 


atoms. 
“т WC. 
П 
H—C—C—C—H н--©з—0^ Ргорапе 
MEE 4 Y 
H H H -C—H 
H' 4,53 
н” 


109° 
1.9 


1.10 


| 

H=c= C. C— C P Propene 
| N 
H 


The C3-H bonds are o bonds formed by overlap of an sp? orbital of carbon 3 with an s 
orbital of hydrogen. 


The C2-H and C1-H bonds are o bonds formed by overlap of an sp ? orbital of carbon 
with an s orbital of hydrogen. 


je C2-C3 bond is a o bond formed by overlap of an sp orbital of carbon 3 with an 
sp ? orbital of carbon 2. 


There are two сс bonds. One is a o bond formed by overlap of an sp ? orbital of 
carbon 1 with an sp? orbital of carbon 2. The other is а x bond formed by overlap of a p 


orbital of carbon 1 with a p orbital of carbon 2. All four atoms connected to the 
carbon-carbon double bond lie in the same plane, and all bond angles between these atoms 
are 120°. The bond angle between hydrogen and the sp? -hybridized carbon is 109°. 
1.11 
H H 


H PC PLC A All atoms lie in the same plane, and all bond 
46 sp? 2G“ sp2 M angles are approximately 120°. 


H H 
1,3-Butadiene 
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1.12 
H :0: " 
| Д Aspirin. 
ЕА ^ SOM те . | 
| Y г. АП carbons аге sp2 hybridized, with the exception of the 
C OA indicated carbon. All oxygen atoms have two lone pairs 
H^ "g^ ^g: T of electrons. 
| | А 
H .. 26 Н 
"d 
О [sp? 
1.13 
H 
| Ha sp? зр зр 
H—C—C=C—H C —C —C—H Propyne 
| B 2 1 
H 

The C3-H bonds are o bonds formed by overlap of an sp? orbital of carbon 3 with an s 
orbital of hydrogen. 

The C1-H bond is a o bond formed by overlap of an sp orbital of carbon 1 with an s 
orbital of hydrogen. 

The C2-C3 bond is a o bond formed by overlap of an sp orbital of carbon 2 with an sp? 
orbital of carbon 3. 

There are three C1-C2 bonds. One is a o bond formed by overlap of an sp orbital of 
carbon 1 with an sp orbital of carbon 2. The other two bonds are л bonds formed by 
overlap of two p orbitals of carbon 1 with two p orbitals of carbon 2. 

The three carbon atoms of propyne lie in a straight line: the bond angle is 180°. The 
H-C;2C» bond angle is also 180°. The bond angle between hydrogen and the sp^- 
hybridized carbon is 109°. 

1.14 
(a) HH HH 
NI Nd sie 
„С. „Сб. The sp3-hybridized oxygen atom 
H СА H has tetrahedral geometry. 


(b) © 


Ke N CH, Tetrahedral geometry at nitrogen and carbon. 
HaC 
(c) TE 
9] Like nitrogen, phosphorus has 


five outer-shell electrons. PH 
has tetrahedral geometry. 
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1.15 


1.16 


Structure and Bonding 9 


(d) 


II 
НЗС. |, CH2CH2CHCOH The sp?-hybridized sulfur atom 
e UT has tetrahedral geometry. 
2 


Remember that the end of a line represents a carbon atom with 3 hydrogens, a two-way 
intersection represents a carbon atom with 2 hydrogens, a three-way intersection represents 
a carbon with 1 hydrogen and a four-way intersection represents a carbon with no 
hydrogens. 


a b 
(a) su OH үн (b) 
HoN 29 ДА  wucu; 

OH oF \ 
та 1H 3H 
1H 


Adrenaline — CgH;3NO3 


Estrone — СчвНо2О2 


Several possible skeletal structures can satisfy each molecular formula. 


C5H42 FOROS did Ls 
(b) 


NH 
CoHzN ОС МН, ш М 


(а) 


(с) 
Cho: „ъё НОН реон ee 


E EE EN P 


OH 


сањо ОТУ СО d d pr zs 
Cl Cl 


(d) 
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1.17 


OH 


PABA 


HoN 


Visualizing Chemistry 


1.18 
(a) 


/ 


l 
НН н Н 
нон 
Н 


(b) 


H 
н ун 

носо о-н он 
Hn 


C54H7NO»5 


1.19 Citric acid (C6HgO7) contains seven oxygen atoms, each of which has two electron lone 
pairs. Three of the oxygens form double bonds with carbon. 


Н... 
Те 
Oe 
sos SUN ME 
в а /\ IN в а 
HH HH 


H H 


Ыр 


Citric acid 
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1.20 


Acetaminophen 


Structure and Bonding 


H H 
N / 
C=C H 
/ \ / 
O—C C—N: H 
АИ ЧУ Е а 
" / \ Il d 
H Н О: H 


All carbons are sp? hybridized, except for the carbon indicated аз sp?. The two oxygen 
atoms and the nitrogen atom have lone pair electrons, as shown. 


1.21 


Aspartame 


Additional Problems 


Electron Configuration 


1.22 Atomic 
Element Number 

(a) Zinc 30 

(b) Iodine 53 

(c) Silicon 14 

(d) Iron 26 

1.23 Atomic 
Element Number 

(a) Potassium 19 

(b) Arsenic 33 

(c) Aluminum 13 

(d) Germanium 32 


CH H 
| 
ох Е, 
a6 H H o | [| 
^c E: NPS a ae 
li me Ho | 
О АЕК H 


Number of 
valence electrons 


2 
7 
4 
2 (in 4s subshell), 6 (in 3d subshell) 


Ground-state 
electron configuration 


1s? 25? 2р® 352 3p° As! 

152252 2р6 352 3р As? 3419 4p? 
1s? 252 2р® 352 3p! 

152 252 2р® 352 3p° 452 За! 4p? 


Electron-Dot and Line-Bond Structures 


1.24 (a NH;OH (Ы) AICI; 
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1.25 


1.26 


1.27 


1.28 


1.29 


Chapter 1 


(a) The 4 valence electrons of carbon can form bonds with a maximum of 4 hydrogens. 
Thus, it is not possible for the compound CHs to exist. 


(b) If you try to draw a molecule with the formula СНМ, you will see that it is impossible 
for both carbons and nitrogen to have a complete octet of electrons. Therefore, C2H6N is 
unlikely to exist. 


(c) A compound with the formula СзН5Вг» doesn't have filled outer shells for all atoms 
and is thus unlikely to exist. 


H:C:C:::N: Acetonitrile 


In the compound acetonitrile, nitrogen has eight electrons in its outer electron shell. Six are 
used in the carbon-nitrogen triple bond, and two are a nonbonding electron pair. 


H 0:0 
18 = E Vinyl chloride 
H H 


Vinyl chloride has 18 valence electrons. Eight electrons are used for 4 single bonds, 4 
electrons are used in the carbon-carbon double bond, and 6 electrons are in the 3 lone pairs 
that surround chlorine. 


(a) G ke, (c) 


In molecular formulas of organic molecules, carbon is listed first, followed by hydrogen. 
All other elements are listed in alphabetical order. 


Compound Molecular Formula 
(a) Aspirin CoHgO4 

(b) Vitamin C СНО 

(c) Nicotine CioH14N2 


(d) Glucose C6H1206 
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1.30 To work a problem of this sort, you must draw all possible structures consistent with the 
rules of valence. You must systematically consider all possible attachments, including those 
that have branches, rings and multiple bonds. 


PANE ILE T D o 
umm a. H—C—N—H алаш. ыыр UEM 
H H H H H H H H 

фе ЕЕ 
О Е 
ннн ннн 
ен О О 
| dg | Hi /\__H 
H—C—C—H н=р=б=о=н `“с—с 
H H М д 
EINEN о, а х 
ae ы EE SO MN SLE MM к 
H HN H N.H H H H H H C.H 
H^ ^H H^ ^H H^Í^H 
H 
1.31 
p? 
H PS -H Ethanol 
OH 
1.32 
H оноо 
E Og | HE d Pd N 
H—0—C—C—C—C—O—H H—0—C—C—C—C—H 
| оноо | 
H Hoot oto H—O 
мой cocos OH 
H—O 
1.33 
(a) (b) (c) (d) 
H H H H H H H H H | oH 
| | | Р ud c=. 
с—С=м: H—C—C—0—C—H н—с—с—с—Сс—н н / x6 
| | | | а -Q 196 
| H H H H H H H HU TEE 
H КА 
н н 
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1.34 


к? АП other bonds are covalent. 


Er ionic 


Hybridization 
1.35 The H3C- carbon is sp? hybridized, and the -CN carbon is sp hybridized. 


1.36 
(a) (b) 3 (c) (d) 
sp? sp? sp? H S sp? sp? sp sp n 
CH3CH2CHg 9^ sp? sp? Hae =CH—C=CH s? CH 
C-—CH2 CH3 OH 
H3C 
sp? 
1.37 
H H 
\ / 
SC 
H—C C—H  Benzene 
N Zi 
les 
H 
All carbon atoms of benzene are sp? hybridized, and all bond angles of benzene are 120°. 
Benzene is a planar molecule. 
1.38 
(a) " Giov cmo. (c) А 
Il 2 NAAN AZ |! 
С.Р С лоо» С H4C. 109 C 
fen | I SYN Ух 
| AAT DEN 
NH» H 7 Н н он 
H 
Glycine Pyridine Lactic acid 


1.39 Examples: 
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1.40 
(a) sp? sp? (b) sp? 
О CHa- CH СН -OH 
sp \gp2 Maa E. РАМА, sp? 2н 
н. 26У 20x аа Cl Ho € wr? O. 920 
$, 
wg Ie рв HO™ л z 
N sp^ C =Csp 
нм“ “Co ^H ME TSR ro 
| HO он 
Procaine Vitamin C 
1.41 


= Pyridoxal phosphate 


The bond angles formed by atoms having sp? hybridization are approximately 109 °. 
The bond angles formed by atoms having sp? hybridization are approximately 120 °. 


Skeletal Structures 


1.42 
(a) (b) (c) (d) О 
Cl 
Poss £I 
NH 
Cl 
O 
1.43 
(a) (b) (c) 
OH 3H 0H n 
an н | 1H Br 2н | 1H COH 1H lH 2H 
3H 1H OH OH OH 
2H O 
1H “р 2H 1H 
ін | SN хн {ан RE 
0H 0H 0H 
C49H41N C41H44BrO2 CgH420 
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1.44 
О 
н _ Оснгснгоснгснгон АБ У “он 
\ 
gud. US 
DOE 
H / H 
js AN =e d N= 
at 2G © C7 ^ ^H 
uno dE со 
E ope Oe xd 
H \ / 
H H 
Quetiapine (Seroquel) С,Н,5№0,8 
1.45 
xd 
UN > 
TA | 
ое 
we NH 
a 0. rS 
Oseltamivir Clopidogrel 
(Tamiflu) (Plavix) 
C16H28N204 C16H16CINO2S 


General Problems 


1.46 Inacompound containing a carbon-carbon triple bond, atoms bonded to the sp-hybridized 
carbons must lie in a straight line. It is not possible to form a five-membered ring if four 
carbons must have a linear relationship. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


Structure and Bonding 17 


1.47 
л bonds 
ua шш. 
sp. у у ү у Мн 

BS sp - sp? 
H”, С o bond 

$ 

is л bonds » 

The central carbon of allene forms two o bonds and two x bonds. The central carbon is 
sp-hybridized, and the two terminal carbons are sp^-hybridized. The bond angle formed by 
the three carbons is 180^, indicating linear geometry for the carbons of allene. 

1.48 
л bonds k 
1.49 
Hor 
[ pes 
H3C NU С NaN 
N GAX | 
| || C—H Caffeine 
PUN Cd 
:O m | " N 
сњ \ 


АП of the indicated atoms аге sp^-hybridized. 


1.50 (a) The positively charged carbon atom is surrounded by six valence electrons; carbon has 
three valence electrons, and each hydrogen brings three valence electrons. 
(b) The positively charged carbon is sp^-hybridized. 
(c) A carbocation is planar about the positively charged carbon. 
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1.51 


1.52 


1.53 


1.54 


Chapter 1 


.-N 
“н H- 4 `H 
H 


(a) A carbanion is isoelectronic with (has the same number of electrons as) a trivalent 
nitrogen compound. 


(b) The negatively charged carbanion carbon has eight valence electrons. 
(c) The carbon atom is sp^-hybridized. 
(d) A carbanion is tetrahedral. 


According to the Pauli Exclusion Principle, two electrons in the same orbital must have 
opposite spins. Thus, the two electrons of triplet (spin-unpaired) methylene must occupy 
different orbitals. In triplet methylene, sp-hybridized carbon forms one bond to each of two 
hydrogens. Each of the two unpaired electrons occupies a p orbital. In singlet (spin-paired) 
methylene the two electrons can occupy the same orbital because they have opposite spins. 
Including the two С-Н bonds, there are a total of three occupied orbitals. We predict sp? 
hybridization and planar geometry for singlet methylene. 


dE vacant p orbital 


H Ye 120° A ir Ao 


Triplet methylene Singlet methylene 
(linear) (planar) 
Jil 
CH4CH5CH5CH5 CH4CHCHs 


The two compounds differ in the way that the carbon atoms are connected. 


S237 


C 

ZN 
H2C =CH —CH3 H~c—c7 
H H 


H 


One compound has a double bond, and one has a ring. 
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1.55 
CH3CH2OH CH30CH3 
The two compounds differ in the location of the oxygen atom. 
1.56 
„СНз 
CH4CH5CH = CH5 CH3CH = CHCH5 FoU 
CH3 
The compounds differ in the way that the carbon atoms are connected and in the location of 
the double bond. 
1.57 


Naproxen 
n * = sp?-hybridized carbon 
C # = sp?-hybridized carbon 
# | * 
H 
Acetaminophen 
(a), (b) sp?^-Hybridized  sp*-Hybridized 
Compound carbons carbons 
Ibuprofen 6 7 
Naproxen 3 11 
Acetaminophen 1 7 


(c) Each of the structures has a six-membered ring containing three double bonds, each has 
a methyl group, and each has a C=O group. 
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Chapter 2 - Polar Covalent Bonds; Acids and Bases 


Chapter Outline 


I. Polar covalent bonds (Sections 2.1—2.3). 
A. Electronegativity (Section 2.1). 


1. 


4. 
3. 


Although some bonds are totally ionic and some are totally covalent, most chemical 
bonds are polar covalent bonds. 
a. Inthese bonds, electrons are attracted to one atom more than to the other atom. 
Bond polarity is due to differences in electronegativity (EN). 
a. Elements on the right side of the periodic table are more electronegative than 
elements on the left side. 
b. Carbon has an EN of 2.5. 
c. Elements with EN > 2.5 are more electronegative than carbon. 
d. Elements with EN « 2.5 are less electronegative than carbon. 
The difference in EN between two elements can be used to predict the polarity of a 
bond. 
a. If AEN « 04, a bond is nonpolar covalent. 
b. If AEN is between 0.4 and 2.0, a bond is polar covalent. 
c. If AEN > 2.0, a bond is ionic. 
d. The symbols 6+ and ó- are used to indicate partial charges. 
е. A crossed arrow is used to indicate bond polarity. 
i. The tail of the arrow is electron-poor, and the head of the arrow is electron- 
rich. 
Electrostatic potential maps are also used to show electron-rich (red) and electron- 
poor (blue) regions of molecules. 
An inductive effect is an atom's ability to polarize a bond. 


B. Dipole moment (Section 2.2). 
1 


2. 
2 


4. 


Dipole moment is the measure of a molecule's overall polarity. 

Dipole moment (u) = Q x r, where Q = charge and r = distance between charges. 
a. Dipole moment is measured in debyes (D). 

Dipole moment can be used to measure charge separation. 

Water and ammonia have large values of D; methane and ethane have D = 0. 


C. Formal charge (Section 2.3). 


1. 
2. 


(ЕС) = 


Formal charge (FC) indicates electron "ownership" in a molecule. 


| # of valence # of bonding electrons # nonbonding | 
electrons 2 electrons 


II. Resonance (Sections 2.4—2.6). 
A. Chemical structures and resonance (Section 2.4). 


1. 


Some molecules (acetate ion, for example) can be drawn as two (or more) different 

electron-dot structures. 

a. These structures are called resonance structures. 

b. The true structure of the molecule is intermediate between the resonance 
Structures. 

c. The true structure is called a resonance hybrid. 

Resonance structures differ only in the placement of л and nonbonding electrons. 

a. Allatoms occupy the same positions. 

Resonance is an important concept in organic chemistry. 
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B. Rules for resonance forms (Section 2.5). 
1. Individual resonance forms are imaginary, not real. 
2. Resonance forms differ only in the placement of their л or nonbonding electrons. 
a. A curved arrow is used to indicate the movement of electrons, not atoms. 
3. Different resonance forms of a molecule don't have to be equivalent. 
a. Ifresonance forms are nonequivalent, the structure of the actual molecule 
resembles the more stable resonance form(s). 
4. Resonance forms must obey normal rules of valency. 
5. The resonance hybrid is more stable than any individual resonance form. 
C. A useful technique for drawing resonance forms (Section 2.6). 
1. Any three-atom grouping with a multiple bond adjacent to a nonbonding p orbital 
has two resonance forms. 
2. One atom in the grouping has a lone electron pair, a vacant orbital or a single 
electron. 
3. By recognizing these three-atom pieces, resonance forms can be generated. 
III. Acids and bases (Sections 2.7-2.11). 
A. Brgnsted—Lowry definition (Section 2.7). 
1. A Brgnsted—Lowry acid donates ап Н? ion; a à Bronsted-Lowry base accepts H*. 
2. The product that results when a base gains H* is the conjugate acid of the base; the 
product that results when an acid loses H* is the conjugate base of the acid. 
3. Water can act either as an acid or as a base. 
B. Acid and base strength (Section 2.8—2.10). 
1. A strong acid reacts almost completely with water (Section 2.8). 
2. The strength of an acid in water is indicated by Кл, the acidity constant. 
3. Strong acids have large acidity constants, and weaker acids have smaller acidity 
constants. 
4. The pK, is normally used to express acid strength. 
a. рК, = Іов Ka 
b. Astrong acid has a small pK;, and a weak acid has a large pK;. 
c. The conjugate base of a strong acid is a weak base, and the conjugate base of a 
weak acid is a strong base. 
5. Predicting acid—base reactions from pK, (Section 2.9). 
a. An acid with a low pK, (stronger acid) reacts with the conjugate base of an acid 
with a high pK, (stronger base). 
b. In other words, the products of an acid—base reaction are more stable than the 
reactants. 
6. Organic acids and organic bases (Section 2.10). 
a. There are two main types of organic acids: 
1. Acids that contain hydrogen bonded to oxygen. 
п. Acids that have hydrogen bonded to the carbon next to a C=O group. 
b. The main type of organic base contains a nitrogen atom with a lone electron 
pair. 
C. Lewis acids and bases (Section 2.11). 
1. A Lewis acid accepts an electron pair. 
a. A Lewis acid may have either a vacant low-energy orbital or a polar bond to 
hydrogen. 
b. Examples include metal cations, halogen acids, group 3 compounds and 
transition-metal compounds. 
2. A Lewis base has a pair of nonbonding electrons. 
a. Most oxygen- and nitrogen-containing organic compounds are Lewis bases. 
b. Many organic Lewis bases have more than one basic site. 
3. Acurved arrow shows the movement of electrons from a Lewis base to a Lewis 
acid. 
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IV. Noncovalent interactions in molecules (Section 2.12). 
A. Dipole-dipole interactions occur between polar molecules as a result of electrostatic 
interactions among dipoles. 
1. These interactions may be either attractive or repulsive. 
2. The attractive geometry is lower in energy and predominates. 
B. Dispersion forces result from the constantly changing electron distribution within 
molecules. 
1. These forces are transient and weak, but their cumulative effect may be important. 
C. Hydrogen bonds. 
1. Hydrogen bonds form between a hydrogen bonded to an electronegative atom and 
an unshared electron pair on another electronegative atom. 
2. Hydrogen bonds are extremely important in living organisms. 
3. Hydrophilic substances dissolve in water because they are capable of forming 
hydrogen bonds. 
4. Hydrophobic substances don't form hydrogen bonds and usually don't dissolve in 
water. 


Answers to Problems 


2.1 X After solving this problem, use Figure 2.2 to check your answers. The larger the number, 
the more electronegative the element. 


More electronegative Less electronegative 
(а) Н (2.1) Li (1.0) 
(b) Br (2.8) B (2.0) 
(c) CI (3.0) I (2.5) 
(d)C (2.5) н (2.1) 


Carbon is slightly more electronegative than hydrogen. 


2.2 Asin Problem 2.1, use Figure 2.2. The partial negative charge is placed on the more 
electronegative atom, and the partial positive charge is placed on the less electronegative 


atom. 

a b c 

(а) ô+ ô- (5 ӧ+ ӧ- (© ô- d+ 
а е 

(d) (e) ô- ô+ (0 ô+ ô- 


Carbon and sulfur have 
identical electronegativies. 


2.3 Use Figure 2.2 to find the electronegativities of each element. Calculate AEN and rank the 
answers in order of increasing AEN. 


Carbon: EN = 2.5 Carbon: EN = 2.5 Fluorine: EN = 4.0 
Lithium: EN = 1.0 Potassium: EN = 0.8 Carbon: ЕМ = 2.5 


ЛЕМ = 1.5 AEN = 1.7 AEN = 1.5 
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Carbon: EN = 2.5 Oxygen EN = 3.5 
Magnesium: EN = 12 Carbon: EN 2 2.5 
AEN = 1.3 AEN = 1.0 


The most polar bond has the largest AEN. Thus, in order of increasing bond polarity: 
H34C —OH < H3C—MegBr < H3C—Li, H3C—F < H3C—K 


2.4  Inanelectrostatic potential map, the color red indicates regions of a molecule that are 
electron-rich. The map shows that chlorine is the most electronegative atom in 
chloromethane, and the direction of polarity of the C—Cl bond is: 


б— 


‘Cl 
| | Chloromethane 


HH 
H 


2.5 


» dna Ethylene glycol 


The dipole moment of ethylene glycol is zero because the bond polarities of the two 
carbon-oxygen bonds cancel. 


2.6 For each bond, identify the more electronegative element, and draw an arrow that points 
from the less electronegative element to the more electronegative element. Estimate the sum 
of the individual dipole moments to arrive at the dipole moment for the entire molecule. 


@ (b) ы 
X СХ 0 dipole | | | net dipole 
moment cU X moment 
Су 
CR, {ж ^0 
H ESAE H Cl 0 
(c) A (d) 
Cl Cl 
Na 
ee rt x7 net dipole М x7 | net dipole 
--C x moment moment 
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2.7 To find the formal charge of an atom in a molecule, follow these two steps: 
(1) Draw an electron-dot structure of the molecule. 
(2) Use the formula in Section 2.3 (shown below) to determine formal charge for each 


atom. The periodic table shows the number of valence electrons of the element, and the 
electron-dot structure shows the number of bonding and nonbonding electrons. 


_ | #of valence | | # of bonding electrons | К nonbonding | 
Formal charge (FC) =| electrons |- 2 electrons _ 
(a) (MEME. 
HoC=N=N: = HiCiiNiin: 
For carbon: FC = 4- £ -0 = 0 
For nitrogen 1: FC = 5- 5 - О = +1 
Formi , = 4 " 
ог nitrogen 2: FC = 5- > 7 4 = –1 


Remember: Valence electrons are the electrons characteristic of a specific element. Bonding 
electrons are those electrons involved in bonding to other atoms. Nonbonding electrons are 
those electrons in lone pairs. 


(b) Е 1H 2 ni 
H3C—C=N—O: = H:C:C:::N:O* 
H 
For carbon 1: FC = 4- i -0 = 0 
Forcarbon2: ЕС = 4- i -0 = 0 
For nitrogen: FC = 5- i -0 = +1 
І 2 
For oxygen: FC = 6- > -6 = -1 
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(c) iH 2 
HgC—N=C: = Н:С:М№:::С 
H 
For carbon 1: FC = 4- È -0-0 
For carbon 2: FC = 4- t -22-1 
For nitrogen: FC = 5- i -0 = +1 
2.8 
_ | #of valence | | # of bonding electrons | li nonbonding | 
Formal charge (FC) =| electrons |- 2 aC electrons 
2 дъ 
н 1 i 3 
H m = О E —0: Methyl phosphate 
H der 
4 
1 4 
For oxygen 1: FC = De eae 
. 4 
For oxygen 2: FC = бее ent 
А 2 
For oxygen 3: FC = 6- > -6 = -1 
А 2 
For oxygen 4: ЕС = 6- > -6 = -1 
Oxygen atoms З and 4 each have a formal charge of —1, and oxygen atoms 1 and 2 have a 
formal charge of 0. 
2.9 


Try to locate the three-atom groupings that are present in resonance forms. 


(a) These two structures represent resonance forms. The three-atom grouping (C-C double 
bond and an adjacent vacant p orbital) is pictured on the right. 
H H 
c c 
H “н e7 
<> I 


+ 
N 


(b) These two structures represent different compounds, not resonance structures. 
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2.10 Look for three-atom groupings that contain a multiple bond next to an atom with a p 
orbital. Exchange the positions of the bond and the electrons in the p orbital to draw the 
resonance form of each grouping. 


(a) Methyl phosphate anion has 3 three-atom groupings and thus has 3 resonance forms. 


Yer :О: :О: 
P | | 


.. P0: TE-Ào -- Ре => ge puces 
CHgO TN = CH307_\ E сњо“ 09: 
n :O: _? I :O: 55 :O: 


Recall from Chapter 1 that phosphorus, a third-row element, can form more than 
four covalent bonds 


(b) _ 
О: О О 
IN Ж N 
A07 8 57 So: or ses 
—— 
(c) T + 
HoC= CH — CH9 =—__> HəC— CH — CH5 
(d) Жу in Ө: On 


Е id Coa 
“о: ^0 ^0: 
—XL— Sue «а6— 325 aR — Әә 


2.11 When an acid loses a proton, the product is the conjugate base of the acid. When a base 
gains a proton, the product is the conjugate acid of the base. 


о—О: 
O—O: 


^0 


H—NO3 + :NH, => NOg + NH,' 


Acid Base Conjugate Conjugate 
base acid 


2.12 Recall from Section 2.8 that a stronger acid has a smaller pK, and a weaker acid has a 
larger pK,. Accordingly, phenylalanine (pK, = 1.83) is a stronger acid than tryptophan 
(pK, = 2.83). 


2.13 HO-H is a stronger acid than HoN-H. Since H2N is a stronger base than HOF, the 
conjugate acid of H?N (HoN-H) is a weaker acid than the conjugate acid of НО" 
(HO-H). 
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2.14 Use Table 2.3 to find the strength of each acid. A reaction takes place as written if the 


2.15 


2.16 


2.17 


stronger acid is the reactant. 


(a) Sy, 19 dnas 
H—CN + CH3COz, Na ——> Na CN + CH3CO>H 
pK, = 9.3 pK, = 4.7 
Weaker acid Stronger acid 


Remember that the lower the pKa, the stronger the acid. Thus CH3CO>H, not HCN, is the 
stronger acid, and the above reaction will not take place to a significant extent in the 
direction written. 


(b) p= ? а 
CH4CH50 —H + Na CN = CH4CH52O Ма” + HCN 
pK, = 16 рКа = 9.3 
Weaker acid Stronger acid 


Using the same reasoning as in part (a), we can see that the above reaction will not occur to 
a significant extent. 


O O 
II II 
= 


C T 2? 
HaC^ “СНз + Nat TINH? ——> НС 


N 


CH2:- Na* + :NHs 


pK, = 19 pK, = 36 
Stronger acid Weaker acid 


As written, the above reaction will take place to virtual completion due to the large 
difference in pK, values. 


Enter —9.31 into a calculator and use the INV LOG function to arrive at the answer 
K, 2 4.9 х 10719. 


Locate the electron pair(s) of the Lewis base and draw a curved arrow from the electron 
pair to the Lewis acid. The electron pair moves from the atom at the tail of the arrow 
(Lewis base) to the atom at the point of the arrow (Lewis acid).(Note: electron dots have 
been omitted from СГ to reduce clutter.) 


(a) H 


A 


PR E! _ 
Н 


* RE 


HN(CHgo + НЕС === НМ(ОСну» + СГ 


eo + = 
P(CHgg + H—Cl ==  H—P(CHgs + Cl 
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(b) 


HO: + "CHg == H0—O0H 
HO? + B(CHs)3 === НО —В(Снз)з 
HO: + MgBro => HO—MgBro 


2.18 (а) The nitrogen on the left is more electron-rich and more basic. The indicated hydrogen is 
most electron-poor (bluest) and is most acidic. 


more basic (red) H 
~ 
N N : 
pu H Imidazole 
(CN 
H <— most acidic (blue) 
(6) H H H 
H 


2.19 


several -OH groups Hox — «ogg 
Vitamin A * = polar group Vitamin C 
Vitamin C is water-soluble (hydrophilic) because it has several polar -OH groups that can 


form hydrogen bonds with water. Vitamin A is fat-soluble (hydrophobic) because most of 
its atoms can't form hydrogen bonds with water. 
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Visualizing Chemistry 


2.20 Naphthalene has three resonance forms. 


2.21 
HO О 


Ibuprofen 


2.22 Electrostatic potential maps show that the electron-rich regions of the cis isomer lie on the 
same side of the double bond, leading to a net dipole moment. Because the electron-rich 
regions of the trans isomer are symmetrical about the double bond, the individual bond 
dipole moments cancel, and the isomer has no overall dipole moment. 


net dipole moment zero dipole moment 


e lor v^ 
/ / 
H 


== б C 
N N 
H H N 
cis-1,2-Dichloroethylene trans-1,2-Dichloroethylene 
2.23 
(a) NH; (b) Мн, 


№ 
m Zz “ж РЕ 
A N N О 
i | = 
" H 
Adenine Cytosine 
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Chapter 2 


Additional Problems 


Electronegativity and Dipole Moments 


2.24 


2.25 


2.26 


2.27 


2.28 


2.29 


Use Figure 2.2 if you need help. The most electronegative element is starred. 


* * ж * 


More polar Less polar 
(а) нс 0—0 
6+ ô- 
(D Hcl нан 
ôt ò- ó- ôt 
(c) HO-—CHg (CHg)38i-— CH3 
ô- 6+ ӧ+ ô- 
(d) ион H3C e 
ӧ+ ô- ó- ò 
(a) (b) (c) (d) no dipole 
moment 
OH OH 
idi 


(а) In Section 2.2, we found that u= Q x r. For a proton and an electron separated by 100 
pm, u = 4.80 D. If the two charges are separated by 136 pm, и = 6.53 D. 


(b) Since the observed dipole moment is 1.08 D, the H-CI bond has (1.08 D / 6.53 D) x 
100 % = 16.5 % ionic character. 


In phosgene, the individual bond polarities tend to cancel, but in formaldehyde, the bond 
polarities add to each other. Thus, phosgene has a smaller dipole moment than 
formaldehyde. 


it i 
с EN n н 
Phosgene Formaldehyde 
The magnitude of a dipole moment depends on both charge and distance between atoms. 


Fluorine is more electronegative than chlorine, but a C—F bond is shorter than a С-СІ 
bond. Thus, the dipole moment of CH3F is smaller than that of CH3CI. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


Polar Covalent Bonds; Acids and Bases 


2.30 The observed dipole moment is due to the lone pair electrons on sulfur. 


Formal Charges 


T 
H3C —SH 


31 


2.31 To save space, molecules are shown as line-bond structures with lone pairs, rather than as 


electron-dot structures. 


(а) (CHg)s0—BF3 


(b) 


(c) 


(d) 


(e) 


(f) 
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== 1 2 
НСМ: 


НС=№ =N: 


Oxygen: 


Boron: 


Carbon: 
Nitrogen 1: 


Nitrogen 2: 


Carbon: 
Nitrogen 1: 


Nitrogen 2: 


Oxygen 1: 
Oxygen 2: 


Oxygen 3: 


Carbon: 


Phosphorus: 


Nitrogen: 


Oxygen: 


FC = 


FC = 


FC = 


FC = 


FC = 


FC - 


FC 


FC - 


to[oo njo 


SES to [oo [оо njo поо le 


ко[со njo [m nja n| 


SiS njo 


| 
© 


| 
© 


| 
ON 


+1 


+1 


+1 


+1 
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2.32 Asin Problem 2.31, molecules are shown as line-bond structures with lone-pair electrons 
indicated. Only calculations for atoms with non-zero formal charge are shown. 


(a) ce Oxygen: FC = 6- > -6 = -l 
H3,C—N—O: 
3C | g Nitrogen: FC = 5- i -0 = +1 
CH3 
(b) l 2 3 Nitrogen 1: FC = 5- + -4 = -1 
HaC—N —N =N ө 
Nitrogen 2: FC = 5- > -0 = +1 
Nitrogen 3: FC = 5- 5. -2 = 0 
(c) 42 А Nitrogen 1: FC = 5- ЛЕР 
НЗС —N =N =N: 2 
Nitrogen 2: FC = 5- i -0 = +1 
Nitrogen 3: FC = 5- + -4 = -1 


Resonance 


2.33 Resonance forms do not differ in the position of nuclei. The two structures in (a) are not 


resonance forms because the positions of the carbon and hydrogen atoms outside the ring 
are different in the two forms. 


А 


== not resonance structures 


ENS 


The pairs of structures in parts (b), (c), and (d) represent resonance forms. 


2.34 
(a) 5 
C 2m 
Нас“ “Сн, HaC^ “сн, 
(b) = Н _ H H 
<=> => 
H H H 
H = A 
(c) : NH9 + NHo : NH9 : NH9 
| <=> I <=> <=> p 
s. Ca + TD +С TOT 
HoN^ "NH, HoN^ “Мн, HoN^ “мн, HoN^ “Мн, 


The last resonance structure is a minor contributor because its carbon lacks a complete 
electron octet. 
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(d) NE Я 
H3C—S— CH» <> H34C— S — CH5 
(e) + + 
H9C.—CH —CH =CH —CH —CH4 ——-  H40—CH —CH —CH =CH —CHg 


+ 
=<— > | H9C—CH=CH —CH =CH —CHg 


2.35 The two structures are not resonance forms because the positions of the carbon atoms are 
different in the two forms. 


Acids and Bases 


2.36 
сон + HCl === CHOH) + CF 
СНОН + Nat TNH) === ОНО: Nat + :NHg 
2.37 
О :О: Xo 
II [| | 
ЭК ys E ZN 
H H H H H H 
The O-H hydrogen of acetic acid is more acidic than the C-H hydrogens. The -OH 
oxygen is electronegative, and, consequently, the -O-H bond is more strongly polarized 
than the -C-H bonds. In addition, the acetate anion is stabilized by resonance. 
2.38 
(a) (D H H (c) 
:Br: Al: Вг: HiC:C:N:H H:B:H 
: Br: H HH H 
(d) (e) н H D га: 
HIF Higis ct "ERHTE 
H H ‘Cl: 


The Lewis acids shown below can accept an electron pair either because they have a vacant 
orbital or because they can donate H*. The Lewis bases have nonbonding electron pairs. 


Lewis acids: — AlBra, BH3, HF, TiCl4 


Lewis bases: CH3CHNHp, H3C—S — CH 
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2.39 
(a) CH3OH + H$S804, =—= СнзОн* + HSO% 
stronger X stronger weaker weaker 
base acid acid base 


(b) CH4OH + NaNHp => CH3O0 Ма' + NH3 
stronger X stronger weaker weaker 
acid base base acid 

(C) CHgNH3* СГ + NaOH 2 CH3NH + НО + NaCl 


stronger stronger weaker weaker 
acid base base acid 


2.40 The substances with the largest values of pK, are the least acidic. 


Least acidic | ———————————————————————— Most acidic 


O 
Д 


Tm T 
CH3CCH3 < (у < CH3CCHsCCH3 < CH3COH 


рКа = 193 pKa = 9.9 pKa = 9 рКа = 4.76 


2.41 To react completely (> 99.9%) with NaOH, an acid must have a pK, at least 3 units 
smaller than the pK, of H20. Thus, all substances in the previous problem except acetone 
react completely with NaOH. 


2.42 The stronger the acid (smaller рК), the weaker its conjugate base. Since NH4* is a 
stronger acid than CH3NH3*, CH3NH; is a stronger base than NH3. 


2.43 
CH CHs 
cue KT + HO ——- тон + K* OH 
CH3 СНз 
рКа = 15.7 рКа = 18 
stronger acid weaker acid 
The reaction takes place as written because water is a stronger acid than tert-butyl alcohol. 
Thus, a solution of potassium tert-butoxide in water can't be prepared. 
2. 


44 
e i m" i 
\ + SHC = =н te. 
/ O CH3 / :О СНз 


2.45 (а) Acetone: Ka = 5 х 10-2 (b) Formic acid: Къ = 1.8 x 10+ 


2.46 (a) Nitromethane: pk, = 10.30 (b) Acrylic acid: pKa = 4.25 
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2.47 
а Ка 
Formic acid + HO == Formate” + H3O* 
[0.050 M] [x] [x] 
E x? 
Ку = 18x 104 = сол 


If you let 0.050 — x = 0.050, then x = 3.0 x 107° and pH = 2.52. If you calculate x exactly 
using the quadratic equation, then x = 2.9 x 10? and pH = 2.54. 


2.48 Only acetic acid will react with sodium bicarbonate. Acetic acid is the only substance in 
Problem 2.40 that is a stronger acid than carbonic acid. 


General Problems 


2.49 In maleic acid, the individual dipole moments add to produce a net dipole moment for the 
whole molecule. The individual dipole moments in fumaric acid cancel, resulting in a zero 


dipole moment. 


HO—C ve — OH HO—C H 
C=C = 
/ \ / \ 
H H H C—OH 
1 
О 
Maleic acid Fumaric acid 


2.50 Sodium bicarbonate reacts with acetic acid to produce carbonic acid, which breaks down to 
form CO». Thus, bubbles of СО» indicate the presence of an acid stronger than carbonic 
acid, in this case acetic acid, as the pK, values indicate. Phenol does not react with sodium 


bicarbonate. 


2.51 Reactions (a) and (c) are reactions between Brénsted—Lowry acids and bases; the stronger 
acid and stronger base are identified. Reactions (b) and (d) occur between Lewis acids and 


bases. 
(a) 2 
CH3OH + H' — ——- CH30Hs2 
base acid 
(b) -Ti 
gee 


CH3CCH3 + TiCl4 — CH3CCH3 
base acid 
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(c) б 
Н 
Н 
acid 
(d y : 
| H „78Нз 
N N 
O О 
base acid 


2.52 Pairs (a) and (d) represent resonance structures; pairs (b) and (c) do not. For two 
structures to be resonance forms, all atoms must be in the same positions in all resonance 


forms. 
2.53 

a cce ДЫ 

(a) К = 
+ 7 +/ m + "а — =. 8 + "н 

НСМ = HON 079-0: =—= :0—0=0 

Jor "О: 

(с) = = 


+ .. m + 
Ho>C=N=N: «= H,C—N=N: 


2.54 The cation pictured can be represented by two resonance forms. Reaction with water can 
occur at either positively charged carbon, resulting in two products. 


| He JH 
+ H5O 
C CH E C CH + 
H3C~ bd 2 HaC ^ TES 2 + H 
| Н Н 
i 1 
+ 
H20 
C CH Ca |^ CH20H + 
reer lI ' мо ——>» Huc EN e^ + H 
H H 
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2455 
(c) (d) 


II 
+C Dto & 4C. 8- = 
< NOR н» ò+ ò- 
2.56 
1 м^ Wea 4 м^ e 
"o -1 pop ZN -1 
N NH N 


2.57 


When phenol loses a proton, the resulting anion is stabilized by resonance. The methanol 
anion is not stabilized by resonance. 
2.58 
5 


МН» 
pe 
S N 2 NN 
" ( EN AL. 
" N CH3 


Ер RRR C 
-1 o" 


n 
O—U-—O 
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Review Unit 1: Bonds and Bond Polarity 


Major Topics Covered (with vocabulary:) 


Atomic Structure: 
atomic number mass number waveequation orbital shell node electron configuration 


Chemical Bonding Theory: 

covalent bond Lewis structure lone-pair electrons line-bond structure valence-bond theory 
sigma (o) bond bond strength bond length molecular orbital theory bonding MO 
antibonding MO 


Hybridization: 
sp? hybrid orbital bond angle sp? hybrid orbital рі (л) bond sp hybrid orbital 


Polar covalent bonds: 
polar covalent bond electronegativity (EN) electrostatic potential maps inductive effect 
dipole moment formal charge dipolar molecule 


Resonance: 
resonance form resonance hybrid 


Acids and Bases: 
Bréónsted-Lowry acid Brénsted-Lowry base conjugate acid conjugate base acidity constant 
Ka pKa organic acid organic base Lewis acid Lewis base 


Chemical Structures: 
condensed structure skeletal structure space-filling models  ball-and-stick models 


Types of Problems: 
After studying these chapters you should be able to: 


— Predict the ground state electronic configuration of atoms. 

— Draw Lewis electron-dot structures of simple compounds. 

— Predict and describe the hybridization of bonds in simple compounds. 
— Predict bond angles and shapes of molecules. 


— Predict the direction of polarity of a chemical bond, and predict the dipole moment of a simple 
compound. 
— Calculate formal charge for atoms in a molecule. 
— Draw resonance forms of molecules. 
— Predict the relative acid/base strengths of Brénsted acids and bases. 
— Predict the direction of Brgnsted acid/base reactions. 
— Calculate: pK; from K;, and vice versa. 
pH of a solution of a weak acid. 
— Identify Lewis acids and bases. 
— Draw chemical structures from molecular formulas, and vice versa. 
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Points to Remember: 


* 


In order for carbon, with valence shell electron configuration of 2s22p2, to form four sp? 
hybrid orbitals, it is necessary that one electron be promoted from the 2s subshell to the 2p 
subshell. Although this promotion requires energy, the resulting hybrid orbitals are able to 
form stronger bonds, and compounds containing these bonds are more stable. 


Assigning formal charge to atoms in a molecule is helpful in showing where the electrons in a 
bond are located. Even if a bond is polar covalent, in some molecules the electrons "belong" 
more to one of the atoms than the other. This "ownership" is useful for predicting the 
outcomes of chemical reactions, as we will see in later chapters. 


Resonance structures are representations of the distribution of x and nonbonding electrons in a 
molecule. Electrons don't move around in the molecule, and the molecule doesn't change back 
and forth, from structure to structure. Rather, resonance structures are an attempt to show, by 
conventional line-bond drawings, the electron distribution of a molecule that can't be 
represented by any one structure. 


As in general chemistry, acid-base reactions are of fundamental importance in organic 
chemistry. Organic acids and bases, as well as inorganic acids and bases, occur frequently in 
reactions, and large numbers of reactions are catalyzed by Bronsted acids and bases and Lewis 
acids and bases. 


Self-Test: 


H3 
O O а E 
£N 
F F 
Ca N O 
N | d ; 
On. С. 
СНз H3C~ | ^ CHS N—N 
H 
A B C 
Ricinine Oxaflozane 1,3,4-Oxadiazole 
(a toxic component (an antidepressant) 
of castor beans) 


For A (ricinine) and B (oxaflozane): Add all missing electron lone pairs. Identify the 


hybridization of all carbons. Indicate the direction of bond polarity for all bonds with A EN z 0.5. 
In each compound, which bond is the most polar? Convert A and B to molecular formulas. 


Draw a resonance structure for B. Which atom (or atoms) of B can act as a Lewis base? 


Add missing electron lone pairs to C. Is it possible to draw resonance forms for C? If so, 


draw at least one resonance form, and describe it. 
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Multiple Choice: 


1. Which element has 452472 as its valence shell electronic configuration? 
(а) Ca ФС (c) Al (d) Ge 


2. Which compound (or group of atoms) has an oxygen with a +1 formal charge? 
(а) NO37 (b) Оз (c)acetone anion (d) acetate anion 


The following questions involve these acids: (1) HW (pK; = 2); (ii) HX (pK, = 6); 
(iii) HY (pKa = 10); (iv) HZ (pK, = 20). 


3. Which of the above acids react almost completely with water to form hydroxide ion? 
(а) none of them (b) all of them (c) HY and HZ (d) HZ 


4. The conjugate bases of which of the above acids react almost completely with water to form 
hydroxide ion? 
(a) none of them (b) all of them (с) HZ (d) HY and HZ 


5. If you want to convert HX to X^, which bases can you use? 
(а) W- (b) Ү- (c)Z (d) Y- or 7- 


6. If you add equimolar amounts of HW, X- and HY to a solution, what are the principal 
species in the resulting solution? 
(a) HW, HX, HY (D W-, HX, HY (с) HW, Х-, HY (d) HW, HX, Y- 


7. What is the approximate pH difference between a solution of 1 M HX and a solution of 1 M 
HY? 
(a)2 (b)3 (64 (96 


8. If you wanted to write the structure of a molecule that shows carbon and hydrogen atoms as 
groups, without indicating many of the carbon-hydrogen bonds, you would draw a: 
(a) molecular formula (b) Kekulé structure (с) skeletal structure (d) condensed structure 


9. Which of the following molecules has zero net dipole moment? 


a b c d 
(а) Н Cl () H Cl ©) Н CI «D Cl Cl 
N N / N 
C=C C=C C=C C=C 
/ N / N / N / N 
Cl H H Cl H H H H 


10. In which of the following bonds is carbon the more electronegative element? 
(a)C—Br (b)C—I (c)C—P (d)C—S 
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Chapter 3 — Organic Compounds: 


Alkanes and Their Stereochemistry 


Chapter Outline 


I. Functional Groups (Section 3.1). 
A. Functional groups are groups of atoms within a molecule that have a characteristic 
chemical behavior. 
B. The chemistry of every organic molecule is determined by its functional groups. 
C. Functional groups described in this text can be grouped into three categories: 
1. Functional groups with carbon-carbon multiple bonds. 
2. Groups in which carbon forms a single bond to an electronegative atom. 
3. Groups with a carbon-oxygen double bond. 
II. Alkanes (Sections 3.2-3.5). 
A. Alkanes and alkane isomers (Section 3.2). 
1. Alkanes are formed by overlap of carbon sp ? orbitals. 
2. Alkanes are described as saturated hydrocarbons. 
a. They are hydrocarbons because they contain only carbon and hydrogen. 
b. They are saturated because all bonds are single bonds. 
c. The general formula for alkanes is С„Нә»+э. 
3. For alkanes with four or more carbons, the carbons can be connected in more than 
one way. 
a. Ifthe carbons are in a row, the alkane is a straight-chain alkane. 
b. If the carbon chain has a branch, the alkane is a branched-chain alkane. 
4. Alkanes with the same molecular formula can exist in different forms known as 
isomers. 
a. Isomers whose atoms are connected differently are constitutional isomers. 
i. Constitutional isomers are always different compounds with different 
properties but with the same molecular formula. 
b. Most alkanes can be drawn in many ways. 
5. Straight-chain alkanes are named according to the number of carbons in their chain. 
B. Alkyl groups (Section 3.3). 
1. An alkyl group is the partial structure that results from the removal of a hydrogen 
atom from an alkane. 
a. Alkyl groups are named by replacing the -ane of an alkane name by -yl. 
b. n-Alkyl groups are formed by removal of an end hydrogen atom of a straight- 
chain alkane. 
c. Branched-chain alkyl groups are formed by removal of a hydrogen atom from 
an internal carbon. 
i. The prefixes sec- and tert- refer to the degree of substitution at the branching 
carbon atom. 
2. There are four possible degrees of alkyl substitution for carbon. 


a. A primary carbon is bonded to one other carbon. 

b. A secondary carbon is bonded to two other carbons. 
c. Atertiary carbon is bonded to three other carbons. 

d. A quaternary carbon is bonded to four other carbons. 
e. The symbol R refers to the rest of the molecule. 


3. Hydrogens are also described as primary, secondary and tertiary. 
a. Primary hydrogens are bonded to primary carbons (RCH;). 
b. Secondary hydrogens are bonded to secondary carbons (R?CH.). 
c. Tertiary hydrogens are bonded to tertiary carbons (R4CH). 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


42 Chapter 3 


C. Naming alkanes (Section 3.4). 
1. The system of nomenclature used in this book is the IUPAC system. 
In this system, a chemical name has a locant, a prefix, a parent and a suffix. 
i. The locant shows the location of substituents and functional groups. 
ii. The prefix indicates the type of substituent or functional group. 
iii. The parent shows the number of carbons in the principal chain. 
iv. The suffix identifies the functional group family. 
2. Naming an alkane: 
a. Find the parent hydrocarbon. 
i. Findthe longest continuous chain of carbons, and use its name as the parent 
name. 
li. If two chains have the same number of carbons, choose the one with more 
branch points. 
b. Number the atoms in the parent chain. 
i. Start numbering at the end nearer the first branch point. 
п. If branching occurs an equal distance from both ends, begin numbering at 
the end nearer the second branch point. 
c. Identify and number the substituents. 
i. Give each substituent a number that corresponds to its position on the parent 
chain. 
ii. Two substituents on the same carbon receive the same number. 
d. Write the name as a single word. 
i. Use hyphens to separate prefixes and commas to separate numbers. 
ii. Use the prefixes, di-, tri-, tetra- if necessary, but don't use them for 
alphabetizing. 
e. Name а complex substituent as if it were a compound, and set it off within 
parentheses. 
i. Some simple branched-chain alkyl groups have common names. 
ii. The prefix iso is used for alphabetizing, but sec- and tert- are not. 
D. Properties of alkanes (Section 3.5). 
1. Alkanes are chemically inert to most laboratory reagents. 
2. Alkanes react with О» (combustion) and Cl» (substitution). 
3. The boiling points and melting points of alkanes increase with increasing molecular 
weight. 
a. This effect is due to weak dispersion forces. 
b. The strength of these forces increases with increasing molecular weight. 
4. Increased branching lowers an alkane's boiling point. 
III. Conformations of straight-chain alkanes (Sections 3.6-3.7). 
A. Conformations of ethane (Section 3.6). 
1. Rotation about a single bond produces isomers that differ in conformation. 
a. These isomers (conformers) have the same connections of atoms and can't be 
isolated. 
2. These isomers can be represented in two ways: 
a. Sawhorse representations view the C-C bond from an oblique angle. 
b. Newman projections view the C-C bond end-on and represent the two carbons 
as a circle. 
3. There is a barrier to rotation that makes some conformers of lower energy than 
others. 
a. The lowest energy conformer (staggered conformation) occurs when all С-Н 
bonds are as far from each other as possible. 
b. The highest energy conformer (eclipsed conformation) occurs when all С-Н 
bonds are as close to each other as possible. 
c. Between these two conformations lie an infinite number of other conformations. 
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4. The staggered conformation is 12 kJ/mol lower in energy than the eclipsed 
conformation. 

a. This energy difference is due to torsional strain from interactions between C-H 
bonding orbitals on one carbon and С-Н antibonding orbitals on an adjacent 
carbon, which stabilize the staggered conformer. 

b. The torsional strain resulting from a single С-Н interaction is 4.0 kJ/mol. 

c. The barrier to rotation can be represented on a graph of potential energy vs. 
angle of rotation (dihedral angle). 

B. Conformations of other alkanes (Section 3.7). 
1. Conformations of propane. 
a. Propane also shows a barrier to rotation that is 14 kJ/mol. 
b. The eclipsing interaction between a C-C bond and a C-H bond is 6.0 kJ/mol. 
2. Conformations of butane. 

a. Notall staggered conformations of butane have the same energy; not all eclipsed 
conformations have the same energy. 

i. Inthe lowest energy conformation (anti) the two large methyl groups are as 
far from each other as possible. 
ii. The eclipsed conformation that has two methyl-hydrogen interactions and a 

H-H interaction is 16 kJ/mol higher in energy than the anti conformation. 

iii. The conformation with two methyl groups 60? apart (gauche conformation) 
is 3.8 kJ/mol higher in energy than the anti conformation. 

(a). This energy difference is due to steric strain — the repulsive interaction 
that results from forcing atoms to be closer together than their atomic 
radii allow. 

iv. The highest energy conformations occur when the two methyl groups are 
eclipsed. 

(a). This conformation is 19 kJ/mol less stable than the anti conformation. 
The value of a methyl-methyl eclipsing interaction is 11 kJ/mol. 

b. The most favored conformation for any straight-chain alkane has carbon-carbon 
bonds in staggered arrangements and large substituents anti to each other. 

c. Atroom temperature, bond rotation occurs rapidly, but a majority of molecules 
adopt the most stable conformation. 
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3.1 


3.2 


3.3 


Chapter 3 


Solutions to Problems 


Notice that certain functional groups have different designations if other functional groups 
are also present in a molecule. For example, a molecule containing a carbon-carbon double 
bond and no other functional group is an alkene; if other groups are present, the group is 
referred to as a carbon-carbon double bond. Similarly, a compound containing a benzene 
ring, and only carbon- and hydrogen-containing substituents, is an arene; if other groups 
are present, the ring is labeled an aromatic ring. 


(а) sulfide carboxylic (b) ОН 
/ ©з Ае acid NS carboxylic 
| СНз acid 
CH3SCH2CHsCHCOH } 
| aromatic 
NH» «— amine ring 
Methionine Ibuprofen 
(c) ether о amide C-C double bond 
Tdi / N CH 
^ Z 3 
H3C m 
alcohol S de H CH3 
HO 
Uy 
aromatic ring Capsaicin 

(a) (b) (c) О (d) 

CH30H CH3COH CH3NH> 

Methanol Acetic acid Methylamine 

Toluene 

(e) о (f) 

CH3CCH2NH» did 

Aminoacetone 1,3-Butadiene 
^ CH3 


Mao SAC AT 
N 


C-C double bond 


H H Arecoline СаН+зМО» 
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3.4  Weknow that carbon forms four bonds and hydrogen forms опе bond. Thus, draw all 
possible six-carbon skeletons and add hydrogens so that all carbons have four bonds. To 
draw all possible skeletons in this problem: (1) Draw the six-carbon straight-chain 
skeleton. (2) Draw a five-carbon chain, identify the different types of carbon atoms on the 
chain, and add а -CH3 group to each of the different types of carbons, generating two 
skeletons. (3) Repeat the process with the four-carbon chain to give rise to the last two 
skeletons. Add hydrogens to the remaining carbons to complete the structures. 


T e 
CH3CH2CH2CH>CH2CH3 CH3CH»CH»CHCH CH3CH»CHCH»CH 
CHa CH3 
CHSCHCCHs CHgCHCHCHg 
CH3 CH3 


3.5 (a) Nine isomeric esters of formula CsH1002 can be drawn. The procedure is described in 
Problem 3.4. 


O 
I 
CH3CH2CHsCOCH3 SFRPHOOERS CH3CH2COCH2CH3 
CH3 
TA 
CH3COCH2CH2CH3 CH3COCHCH3 HCOCH2CH23CH2CH3 
ee ka TS [T 
HCOCHCH5CHs HCOCHsCHCH3 о 
СНз 
(b) Two isomers can be drawn. 
lie 
CH3CHsCHsC=N and CH3;CHC=N 
(c) Three isomers can be drawn. 
CH3CH2SSCH»sCH3 CH3SSCH2CHsCH3 Migeso Heg 


CH3 
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3.6 (а) Two alcohols have the formula C3HgO. 
T 
CH3CH5CH5OH and CH3CHCH3 
(b) Four bromoalkanes have the formula C4HoBr. 


Br CHs rü 


CH3 
(c) Four thioesters have the formula C4HgOS. 
[ Ий 
CH3CH2CSCH3 CH3CH2SCCH3 HCSCHCH3 HCSCHsCH»sCH3 
3.7 
CH3CH»CHsCH»CH» CH3CH»CH»CH CH3CH»CH CH3CHsCHCH> 
СНз CH5CH3 СНз 
ii Iib rs 
CH4CHCH5CH CH34CH5C CH3CHCH CH3CCH 
3! 2 24 3 0—4- rn + 3) 2d 
CH3 CH3 CH3 CH3 
3.8 
(a p (D p rp (c) р p 
СНз CHSCHCHs СНз © 
CH3CHCH2CH2CH3 CH3CH2CHCH2CH3 CH34CHCH^» - C — СНз 
pts sp ps ts p pts f 
CH3 
р 
р = primary; s = secondary; t = tertiary; q = quaternary 
3.9 The carbons and the attached hydrogens have the same classification. 
(a) p (b) p tp (c) p p 
CHa CHgCHCHg СНз СНз 
CH4CHCH5CH5CH4 CH3CH5CHCH5CH; CH4CHCH;» - C — СНз 
p ts s p p s ts p p ts 
Hg 
р 
3.10 
(a) (b) (c) 
E Ж? 
CHSCHCHCHs CH3CH5CHCH5CHs CHgCHaCCHs 
t Ку 


СНз СНз 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


3.12 
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3.11 


(a) 


CH4CH5CH5CH5CHs 


Pentane 2-Methylbutane 


(b) 


longest chain is a pentane. 


CH4CH5CHCHs 


TS 
СнсСнз 
СНз 
2,2-Dimethylpropane 


Step 1: Find the longest continuous carbon chain and use it as the parent name. In (b), the 


Step 2: Identify the substituents. In (b), both substituents are methyl groups. 

Step 3: Number the substituents. In (b), the methyl groups are in the 2- and 3- positions. 
Step 4: Name the compound. Remember that the prefix di- must be used when two 
substituents are the same. The IUPAC name is 2,3-dimethylpentane. 


CH3 
5 4 31 2 1 
CH3 


d 
(c) ÇH (d) 


(CH3)2CHCH2CHCH3 


2,4-Dimethylpentane 


hydrogens. 


(а) CH3 
CHaCH2CH2CHCHəCHCHCH2CHa 
CH3 
3,4-Dimethylnonane 
© CH2CH2CH3 
CHCA 


2,2-Dimethyl-4-propyloctane 


2,3-Dimethylpentane 


iis 


Ce Na 


CH3 


2,2,5-Trimethylhexane 


When you are asked to draw the structure corresponding to a given name, draw the parent 
carbon chain, attach the specified groups to the proper carbons, and fill in the remaining 


(b) о 
СНз CH2CH3 


3-Ethyl-4,4-dimethylheptane 


d 
(d) OMS оњ 
CHSCHCH;CCHs 
CH3 


2,2,4-Trimethylpentane 
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3.13 
CH3CH5CH2CH2CH CH3CH5CH2CH CH3CH5CHCH CH3CHCH2CH 
gCHaCHaCHpCH-- Снзонгсносн 6 genes a aÇHCH2CH2-$- 
CH3 CH3 CH3 
Pentyl 1-Methylbutyl 2-Methylbutyl 3-Methylbutyl 
Сна CHg бнз 
CH3CH3C CH3CHCH CH3CCH CH3CH>CH 
3CH2 ct 317 ES 3° 2 30120 + 
CH СНз CH2CH3 
uuu Ж 1,2-Dimethylpropyl — 2,22-Dimethylpropy] — 1-Ethylpropyl 
3.14 


3,3,4,5- Tetramethylheptane 


3.15 The graph shows the energy of a conformation as a function of angle of rotation. 


14 kJ/mol 
Energy 


10° 180° 240 300° 360° 
Angle of Rotation 
А 


Pra uP ban Sub ЖА, 
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3.16 
(a) CH3 The most stable conformation is staggered 
H H and occurs at 60°, 180°, and 300°. 
H CH 
d 3 
(b) CENE 
СНз „— 6.0 kJ/mol The least stable conformation is eclipsed and 
H occurs at 0°, 120°, 240°, and 360°. 
E f HCH; 
4.0 kJ/mol 6.0 kJ/mol 
(c),(d) 
16 kJ/mol 
Energy 
0? 0? 120? 180? 240? 300? 360? 
3.17 
СНз This conformation of 2,3-dimethylbutane 
T н is the most stable because it is staggered and 
5 has the fewest CH4«* CH gauche interactions. 
H CH 
CH3 3 


3.18 The conformation is a staggered conformation in which the hydrogens on carbons 2 and 3 
are 60? apart. Draw the Newman projection. 


CH i kJ/mol 


H CH3 
3.8 kJ/mol 
H | CH3 
H3 
Puer 3.8 kJ/mol 


The Newman projection shows three gauche interactions, each of which has an energy cost 
of 3.8 kJ/mol. The total strain energy is 11.4 kJ/mol (3 x 3.8 kJ/mol). 
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Visualizing Chemistry 


3.19 
b 
а (0) оњ н аше 
ү М _-CH»N(CH2CH3)o 
orate С carboxylic T 
Kd OH acid О amine 
—— 2 \ CH3 
aromatic | aromatic 
ring amine ring 
Phenylalanine CgH44NO»2 Lidocaine C44Ho25N50 
3.20 
(a) (b) 
3,3,5- Trimethylheptane 3-Ethyl-2-methylpentane 
(c) (d) 
2,2,4-Trimethylpentane 4-Isopropyl-2-methylheptane 
3.21 
CH3 
HO H In this conformation, all groups are staggered 
and the two methyl groups are 180° apart. 
H H 
CH3 
Additional Problems 
Functional Groups 
3.22 
(a) (b) (c) H апе 
CHOH O | 
М О 
alcohol N ketone à c^ 
NHCHs CH 
aromatic amine C-C double А 
ring bond OHIO 
ring 
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(d) (e) C-C double (f) 
a bond М carboxylic 
" MK TS | acid chloride 
CH3CHCOH ketong S | 
| ET > „© 

МН» А T 

\ a A C-C triple о 

amine C-C double bond 

bond 


3.23 Different answers to this problem and to Problem 3.24 are acceptable. 


a b c 
(a) о (b) о (с) : 
CH3CH2CCH2CH3 CH3CNHCH2CH3 CH3COCH2CH2CH3 
(d) о ОИ" (f 
C. " CH3CCHsCOCH2CH3 HoaNCH2CH5OH 


3.24 For (a) and (h), only one structure is possible. 


a b 
(a) о (b) 
C4HgO: CH34CCH5CH3 C5HoN: CH34CH5CH5CH5C —N 

(c) Q Q (d) 
(e) (f) 

CgH44: CH3CH3CH5CH5CH5CH5 CgH4 2: 
(g) (h) 

C5Hg: CH3CH = CHCH = СН» C5HgO: НС — CHCCH5CH3 

3.25 
(a) (b sp (c) 
[ j i Il 2 
-—S S 
yo — CEN cos 
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3.26 (a) Although it is stated that biacetyl contains no rings or carbon-carbon double bonds, it is 
obvious from the formula for biacetyl that some sort of multiple bond must be present. The 
structure for biacetyl contains two carbon-oxygen double bonds. 

(b) Ethyleneimine contains a three-membered ring. 
(c) Glycerol contains no multiple bonds or rings. 


(a) also possible: 


O O O 
Il II 


CH3C —CCH3 HCCHsCH2CH HCCHsCCH3 


Biacetyl 


Isomers 


3.27 (а) Eighteen isomers have the formula СН. Three are pictured. 


CH3CH»CH»CH»CH»CH»CH»CH3 


ob , © 
O O N OH 
II II ZN | 
НС Сн; HOCH2CHCH5CH 
Ethyleneimine Glycerol 
eos СНз CH 
СНз СНз 


(b) Structures with the formula C4HgO» may represent esters, carboxylic acids ог many 
other complicated molecules. Three possibilities: 


T 
CH4CH5CH5COH 


3.28 


CH4CH5CH2CH5CH5CH5CHs 


Heptane 
Ё 
SUBE Eae cis 


CH3 
2,2-Dimethylpentane 


CH; 
CHSCH;CCH;CHs 
CH3 


3,3-Dimethylpentane 


CH3CH5COCHs 


O 
ll 


CH3 
CH; CH, CH; CH, CHOH; 
2-Methylhexane 
ji 
CHgCHaCHCHCHg 
CH3 
2,3-Dimethylpentane 


CHaCHCHCH2CHg 
CH2CH3 


3-Ethylpentane 


HOCH CH = 


CHCH OH 


iii: 
CH4CH5CH5CHCH5CHs5 
3-Methylhexane 


CHgGHCH2CHCHg 
CH3 
2,4-Dimethylpentane 


CHa CH 
CHgCH —CCH; 
CH3 


2,2,3-Trimethylbutane 
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3.29 
С" qHo CH3 
CHaCHCHCHs CHgCHCHCHs CH; CHCHCHs 
CH3 Br Br 
same same same 
(b) 
OH HO HO OH 
OH HO | 
same same different 
S) CH 268 үз c ni 
CHSCH;CHCH;CHCHs HOCH;CHCH;CHCHs CH4CH5CHCH5CHCH50H 
5 1 6 1 
1 CH5OH СНз 
different same same 


Give the number "1" to the carbon bonded to —OH, and count to find the longest chain 
containing the -OH group. 


3.30 The isomers may be either alcohols or ethers. 


OH CHa СНз 

CHSCH;CH;CH,—OH ^ CH,CH,CHCH, Онзононг—он CH&CCHs 
OCH3 b 

CH34CH5CH; —OCH3 CH CHCH; CH3CH»—OCH,CH3 


3.31 First, draw all straight-chain isomers. Then proceed to the simplest branched structure. 
(a) There are four alcohol isomers with the formula СНО. 
i iiis T 
CHSCHSCHSCH,OH ^ CH&CH;CHCHS ^ CH&CHCHSOH ^ CHSCCHs 
CH3 
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(b) There are 17 isomers of C5H)3N. Nitrogen can be bonded to one, two or three alkyl 
groups. 
Ж ne 
CH3CHaCHaCHsCHaNH> CH3CH5CH3CHCH5 CH3CH5CHCH5CH5 


МН NH2 
CHSCHSCHCHoNH CHgCH2GCHs CHgCHCHCHs HaNCHpCHpCHCHs 
CH3 CH3 СНз CH3 
jus їн 
CHSCCHaNH» CH4CH5CH45CHSNHCHs CH3CH2CHNHCHs 
СНз 
ee Гэ Ж 
CH4CHCHSNHCHs CHgGNHCHs CH3CHsCH,NHCH»CH3, ^ CH4CHNHCH5CHs 
CH3 
СНз CH3 СНз 
СНзСнәСНәМСНз СНЗСНМОНз CH4CH3NCH5CH3 
CH3 


(c) There are 3 ketone isomers with the formula C5H100. 


CH3CH»CH»CCH, CHSCH;CCHQCH,  CHaÇHCCH; 
CH3 


(d) There are 4 isomeric aldehydes with the formula CsH100. Remember that the aldehyde 
functional group can occur only at the end of a chain. 


i T 
CH4CH5CH4CH5CH CHSCHCH;CH CHSCH;CHCH CHG —CH 
CH3 CH3 CH3 
(e) There are 4 esters with the formula C4HgO». 
O O О СНз 
|| || lH | 


СНЗСН›СОСНз ^ CH3COCH»CH3; X HCOCH;CH;CHg = НСОСНСНЗ 


(f) There are 3 ethers with the formula C4H 90. 
CH3 


CH3CH2OCHCH3 ^ CH3OCH»CH,CH, СНЗОСНСН; 
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3.32 
(a) ® ш (Uo 2 (4) он 
CH3CH5O0H CHgGC=N CH4CHCHs CH4CHCH5OH 
CH3 
Omar © с 
CH3CHOCH3 CHgCCHs 
CH3 
Naming Compounds 
3.33 
Br Br 
CH3CH2CH2CH2CH3Br снсньсньснонь CHsCH»CHCH CH, 
1-Bromopentane 2-Bromopentane 3-Bromopentane 
3.34 
CH3 CHs CH3 CH3 CH3 CH 
CH4CHCH5CHSCHCH5CI CH3CHCH2CH2CCH3 CHSCHCH;CHCHCHs 
Cl Cl 
1-Chloro-2,5-dimethylhexane 2-Chloro-2,5-dimethylhexane 3-Chloro-2,5-dimethyl- 
hexane 
3.35 
(a) o (b) о, 
CH4CH5CH5CH5CH2CHCH3 CHgCH2CH — CHaCCHs 
CHCH; СНз 
2-Methylheptane 4-Ethyl-2,2-dimethylhexane 
© СНз СНз @ CH3 СНз 
онзоњон,оно — CH OH HS CHIC, CHE CHUCHOH; 
CH5CH3 СНз 
4-Ethyl-3,4-dimethyloctane 2,4,4-Trimethylheptane 
e СНз Сосна CHa © CHSCHCHs 
CH3CH2CH2CH2CHCH2C — — CHCH3 CHSCH;CH;CHCHCH;CHs 
CH2CH3 CH3 


3,3-Diethyl-2,5-dimethylnonane 
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4-Isopropyl-3-methylheptane 
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3.36 
G^. ёш © ux (o) 
CH3CHCH3 CHgCCHs CH4CH5CH5CH5CH5CH3 
CH3 
2-Methylpropane 2,2-Dimethylpropane Hexane 
3.37 
oy (b) 
CH4CHCH3 CH3CH3 
2-Methylpropane Ethane 
3.38 
(a) ÇH (b) сн, (с) HaÇ нз 
CH4CHCH2CH5CHs СнзСнгСонз СнзСнсснәснәСнз 
СНз CH3 
2-Methylpentane 2,2-Dimethylbutane 2,3,3-Trimethylhexane 
(e CHoCHs CH (e) СНз  CHoCHs (0 HaÇ Сн 
CH4CH5CHCH5CH5CHCHs CHSCHSCHSCHCH;CCHs Снзс— CCH;CHCHs 
CH3 H3C СНз 
5-Ethyl-2-methylheptane 3,3,5-Trimethyloctane 2,2,3,3-Tetramethylhexane 
3.39 
ҮЗ Cr 
CH4CH5CH5CH5CH5CHs CH4CH5CH5CHCHs CH4CH5CHCH5CHs 
Hexane 2-Methylpentane 3-Methylpentane 
CH Оз 
CHgCHaCCHs CHgCHCHCHs 
CH3 CH3 


2,2-Dimethylbutane 2,3-Dimethylbutane 
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Organic Compounds: 


Structure and Correct Name 


(a) 
CHaCHs бнз 
ОНзОНСН;ОН;ОН)ССНЗ 
1 
CH3 


Correct name: 2,2,6-Trimethyloctane 
b 
(b) CH 
CHgCHCHCH»CH2CHg 
CH5CH3 
Correct name: 3-Ethyl-2-methylhexane 
© CHg 
1 6 
СНз CH2CH3 
Correct name: 4-Ethyl-3,3-dimethylhexane 
(d) 


pope 
CH4CH3CH * x (eoe Ha HaeHa 
1 
CH3 


Correct name: 3,4,4-Trimethyloctane 


(е) CHa 


CHSCH;CH;CHCH;CHCHs 
8 
CH3CHCHs 
Correct name: 2,3,5-Trimethyloctane 


(a) (b) 


CHa СНгОНз 
CHaÇCH2CCH2CH3 
СНз CH2CH3 
4,4-Diethyl-2,2-dimethylhexane 


Remember 


Alkanes and Their Stereochemistry 


Error 


The longest chain is an octane 
and has only methyl branches. 


The longest chain is a hexane. 
Numbering should start from the 
opposite end of the carbon chain, 
nearer the first branch. 


Numbering should start from the 
opposite end of the carbon chain. 
See step 2(b) in Section 3.4. 


Numbering should start from the 
opposite end of the carbon chain. 


The longest chain is an octane. 


[s 
CH2CH2CHCH3 


CH3CH2CH2CH2CH>CHCH>CH>CH2CH2CH3 


6-(3-Methylbutyl)-undecane 


that you must choose an alkane whose 


principal chain is long enough so that the substituent 
does not become part of the principal chain. 
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Conformations 
3.42 
(a), (b) 
Wi H3C H 
CH4CH5 - CHCH3 
H CH3 HÁ HCH 
C2-C3 bond H ff MES 
4.0 kJ/mol 11.0 kJ/mol 
2-Methylbutane Most stable conformation Least stable comformation 


The energy difference between the two conformations is (11.0 + 6.0 + 4.0) kJ/mol — 
3.8 kJ/mol = 17.2 kJ/mol. 

(c) Consider the least stable conformation to be at zero degrees. Keeping the front of the 
projection unchanged, rotate the back by 60° to obtain each conformation. 


3.8 kJ/mol 


CH 
сыз За 6:0 шо! 2^ СНз 
H H H3C H 
H CH н fs САСЫ» H CH3 
СНз 2? P d NC H 


3.8 kJ/mol 6.0 kJ/mol 6.0 kJ/mol 
at 60°: energy = 3.8 kJ/mol at 120°: energy = 18.0 kJ/mol at 180°: energy = 3.8 kJ/mol 


CH 
ek 11.0 kJ/mol res 3.8 kJ/mol 
H H3 
) 3.8 kJ/mol 
H HCH3 H CH3 
\ H 
4.0 kJ/mol 6.0 kJ/mol 


at 240°: energy = 21.0 kJ/mol at 300°: energy = 7.6 kJ/mol 


Use the lowest energy conformation as the energy minimum. The highest energy 
conformation is 17.2 kJ/mol higher in energy than the lowest energy conformation. 


Energy 
(kJ/mol) 


60° 120° 180° 240° 300° 360° 
Angle of Rotation 
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3.43 Each CH3<*CH3 gauche interaction has a value of 3.8 kJ/mol. 


2799 2 697% сн 
НЗС H H3C CH3 H CH3 
} 7 

H CH3 H Н CH3 H CH3 


У. Снз 0 
2 СНз=+ CH5 gauche 3 CH3<>CH3 gauche 3 CH3<>CH3 gauche 
= 2 x 3.8 kJ/mol = 3 x 3.8 kJ/mol = 3 x 3.8 kJ/mol 
= 7.6 kJ/mol = 11.4 kJ/mol = 11.4 kJ/mol 


3.44 Since we are not told the values of the interactions for 1,2-dibromoethane, the diagram can 
only be qualitative. 


least stable 


Br Br HH Br H BrH Br H HH BrBr HH 


IL 
I 
00 

I 
I 


H H H Br Br H 


most stable 


Energy 


0° 60° 120° 180° 240° 300° 360° 


The anti conformation is at 180°. 
The gauche conformations are at 60°, 300°. 


3.45 The eclipsed conformation at 0° rotation has the largest dipole moment but is a high energy 
conformation that is present in low abundance.The anti conformation has no net dipole 
moment because the polarities of the individual bonds cancel. The gauche conformation, 
however, has a dipole moment. Because the observed dipole moment is 1.0 D at room 
temperature, a mixture of gauche and anti conformations must be present. 
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Chapter 3 


3.46 The best way to draw pentane is to make a model and to copy it onto the page. A model 


3.47 


shows the relationship among atoms, and its drawing shows how these relationships 


appear in two dimensions. From your model, you should be able to see that all atoms are 
staggered in the drawing. 


General Problems 


3.48 


3.49 


a b с 
(а) (b) CH20CH3 (c) yas 
CH3CH5CH5CH5CHoBr CH3CHC=N 
(d) CHOH (е) There are no aldehyde (0 сон 
isomers. However, the 
structure below is a ketone 


isomer. 
T CH3 
CH3CCH3 


(a) Because malic acid has two —CO2H groups, the formula for the rest of the molecule is 
C2H40. Possible structures for malic acid are: 


O O О О о OHO 
HoG—cH _оон нос—снон, -COH HOC -0- бон 
CH5OH OH СНз 
primary alcohol secondary alcohol tertiary alcohol 
О О 
HOC—OH,OCH; -COH ноо OCH;CH,- COH ноб—оон—Сон 
CH3 


(b) Because only one of these compounds (the second one) is also a secondary alcohol, it 
must be malic acid. 
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3.50 To solve this type of problem, read the problem carefully, word for word. Then try to 
interpret parts of the problem. For example: 


T 
1) Formaldehyde is an aldehyde, 4 ~C—H 


2) It trimerizes — that is, 3 formaldehydes come together to form a compound C3H¢03. 
Because no atoms are eliminated, all of the original atoms are still present. 


3) There are no carbonyl groups. This means that trioxane cannot contain any С=О 
functional groups. If you look back to Table 3.1, you can see that the only oxygen- 
containing functional groups that can be present are either ethers or alcohols. 


4) A monobromo derivative is a compound in which one of the —H's has been replaced by 
a —Br. Because only one monobromo derivative is possible, we know that there can 
only be one type of hydrogen in trioxane. The only possibility for trioxane is: 


| | Тпохапе 


HoC p _CHo 


3.51 The highest energy conformation of bromoethane has a strain energy of 15 kJ/mol. 
Because this includes two H-H eclipsing interactions of 4.0 kJ/mol each, the value of an 
H- Br eclipsing interaction is 15 kJ/mol – 2(4.0 kJ/mol) = 7.0 kJ/mol. 


15 kJ/mol 


0? 60? 120? 180? 240? 300? 360? 


Br 
A, cet „А S d "d 
HH H HHH AHH HHH “HHH” |j “HHH 
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3.52 


Most stable Strain energy Least stable Strain energy 
(a) CH3 CH3 
* 3.8 kJ/mol CH3 21 kJ/mol 
H ; H } 
H CH HA HCH 
CH3 3 3 
Е 68 Сна 
5 Т 7.6 kJ/mol СНз 23 kJ/mol 
HaC' | 'CH HC A HCH 
3 CH3 3 3 3 
(c) CH 
H 
is 7.6 KJ/mol A. 26 kJ/mol 
H3C H 
H CH HH CH3 CH 
CH3 : 3 
(d) 
CH 15.2 kJ/mol СОФ *"28kI/mol 
НЗС CH H4C A C 
MES S i 3 CH3 


*most stable overall (least strain) 
**]east stable overall (most strain) 
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3.53 
j О e 
ON PN 
А y 40€. ! 
[ 
NAE 
OH ! 
__ AI 
CH3 
a 
[^ | 
ЫШЫ Mensis D; 
Zocor Cos5H3gO5 Pravachol С23Нз605 
A alcohol B ester 
C carboxylic acid D C-C double bond (alkene) 


The carboxylic acid and alcohol groups in Pravachol are an ester (lactone) group in Zocor. 
The alcohol at the bottom left of Pravachol is a methyl group in Zocor. 


3.54 A puckered ring allows all the bonds in the ring to have a nearly tetrahedral bond angle. (If 
the ring were flat, C-C-C bond angles would be 120°.) Also, a puckered conformation 
relieves strain due to eclipsed hydrogens. 


3.955 


H3C CH3 H3C H 


In one of the 1,2-dimethylcyclohexanes the two methyl groups are on the same side of the 
ring, and in the other isomer the methyl groups are on opposite sides. 
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Chapter 4 — Organic Compounds: 


Cycloalkanes and Their Stereochemistry 


Chapter Outline 


I. Cycloalkanes – alicyclic compounds - (Sections 4.1—4.2). 
A. Cycloalkanes have the general formula C,,H2,, if they have one ring. 
B. Naming cycloalkanes (Section 4.1). 
1. Find the parent. 


a. 


b. 


If the number of carbon atoms in the ring is larger than the number in the largest 
substituent, the compound is named as an alkyl-substituted cycloalkane. 

If the number of carbon atoms in the ring is smaller than the number in the 
largest substituent, the compound is named as an cycloalkyl-substituted alkane. 


2. Number the substituents. 


a. 


b. 
c. 


d. 


Start at a point of attachment and number the substituents so that the second 
substituent has the lowest possible number. 

If necessary, proceed to the next substituent until a point of difference is found. 
If two or more substituents might potentially receive the same number, number 
them by alphabetical priority. 

Halogens are treated in the same way as alkyl groups. 


C. Cis-trans isomerism in cycloalkanes (Section 4.2). 
]. Unlike open-chain alkanes, cycloalkanes have much less rotational freedom. 


a. 
b. 


Very small rings are rigid. 
Large rings have more rotational freedom. 


2. Cycloalkanes have a "top" side and a "bottom" side. 


a. 
b. 


If two substituents are on the same side of a ring, the ring is cis-disubstituted. 
If two substituents are on opposite sides of a ring.the ring is trans-disubstituted. 


3. Substituents in the two types of disubstituted cycloalkanes are connected in the 
same order but differ in spatial orientation. 


a. 
b. 


These cycloalkenes are stereoisomers that are known as cis-trans isomers. 
Cis-trans isomers are stable compounds that can't be interconverted. 


II. Conformations of cycloalkanes (Sections 4.3—4.9). 
A. General principles (Section 4.3). 
1. Ring strain. 


a. 


b. 


A. von Baeyer suggested that rings other than those of 5 or 6 carbons were too 
strained to exist. 

This concept of angle strain is true for smaller rings, but larger rings can be 
easily prepared. 


2. Heats of combustion of cycloalkanes. 


a. 


b. 


To measure strain, it is necessary to measure the total energy of a compound 
and compare it to a strain-free reference compound. 

Heat of combustion measures the amount of heat released when a compound is 
completely burned in oxygen. 

i. The more strained the compound, the higher the heat of combustion. 

ii. Strain per CH; unit can be calculated and plotted as a function of ring size. 
Graphs show that only small rings have serious strain. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


Organic Compounds: Cycloalkanes and Their Stereochemistry 65 


3. The nature of ring strain. 
a. Rings tend to adopt puckered conformations. 
b. Several factors account for ring strain. 
i. Angle strain occurs when bond angles are distorted from their normal 
values. 
ii. Torsional strain is due to eclipsing of bonds. 
ш. Steric strain results when atoms approach too closely. 
B. Conformations of small rings (Section 4.4). 
1. Cyclopropane. 
a. Cyclopropane has bent bonds. 
b. Because of bent bonds, cyclopropane is more reactive than other cycloalkanes. 
2. Cyclobutane. 
a. Cyclobutane has less angle strain than cyclopropane but has more torsional 
strain. 
b. Cyclobutane has almost the same total strain as cyclopropane. 
c. Cyclobutane is slightly bent to relieve torsional strain, but this increases angle 
strain. 
3. Cyclopentane 
a. Cyclopentane has little angle strain but considerable torsional strain. 
b. Torelieve torsional strain, cyclopentane adopts a puckered conformation. 
i. Inthis conformation, one carbon is bent out of plane; hydrogens are nearly 
staggered. 
C. Conformations of cyclohexane (Sections 4.5—4.8). 
1. Chair cyclohexane (Section 4.5). 
a. The chair conformation of cyclohexane is strain-free. 
b. Ina standard drawing of cyclohexane, the lower bond is in front, and the upper 
bond is in back. 
c. The twist-boat conformation of cyclohexane has little angle strain but 
experiences both steric strain and torsional strain. 
2. Axial and equatorial bonds in cyclohexane (Section 4.6). 
a. There are two kinds of positions on a cyclohexane ring. 
1. Six axial hydrogens are perpendicular to the plane of the ring. 
ii. Six equatorial hydrogens are roughly in the plane of the ring. 
Each carbon has one axial hydrogen and one equatorial hydrogen. 
Each side of the ring has alternating axial and equatorial hydrogens. 
All hydrogens on the same face of the ring are cis. 
3. Conformational mobility of cyclohexanes. 
a. Different chair conformations of cyclohexanes interconvert by a ring-flip. 
b. After a ring-flip, an axial bond becomes an equatorial bond, and vice versa. 
c. The energy barrier to interconversion is 45 kJ/mol, making interconversion 
rapid at room temperature. 
4. Conformations of monosubstituted cyclohexanes (Section 4.7). 
a. Both conformations aren't equally stable at room temperature. 
i. In methylcyclohexane, 95% of molecules have the methyl group in the 
equatorial position. 
b. The energy difference is due to 1,3-diaxial interactions. 
i. These interactions, between an axial group and a ring hydrogen two carbons 
away, are due to steric strain. 
ii. They are the same interactions as occur in gauche butane. 
c. Axial methylcyclohexane has two gauche interactions that cause it to be 7.6 
kJ/mol less stable than equatorial methylcyclohexane. 
d. All substituents are more stable in the equatorial position. 
1. The size of the strain depends on the nature and size of the group. 


Roc 
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5. Conformations of disubstituted cyclohexanes (Section 4.8). 
a. Incis-1,2-dimethylcyclohexane, one methyl group is axial and one is equatorial 
in both chair conformations, which are of equal energy. 
b. In trans-1,2-dimethylcyclohexane, both methyl groups are either both axial or 
both equatorial. 

i. The conformation with both methyl groups axial is 15.2 kJ/mol less stable 
than the conformation with both groups equatorial due to 1,3 diaxial 
interactions. 

ii. The trans isomer exists almost exclusively in the diequatorial conformation. 

c. This type of conformational analysis can be carried out for most substituted 
cyclohexanes. 
D. Conformations of polycyclic (fused-ring) molecules (Section 4.9). 

1. Decalin has two rings that can be either cis-fused or trans-fused. 
a. The two decalins are nonconvertible. 

2. Steroids have four fused rings. 

3. Bicyclic ring systems have rings that are connected by bridges. 
a. In norbornane, the six-membered ring is locked into a boat conformation. 


Solutions to Problems 


4.1 The steps for naming a cycloalkane are very similar to the steps used for naming an open- 
chain alkane. 
Step 1: Name the parent cycloalkane. In (a), the parent is cyclohexane. If the compound 
has an alkyl substituent with more carbons than the ring size, the compound is named as a 
cycloalkyl-substituted alkane, as in (c). 
Step 2: Identify the substituents. In (a), both substituents are methyl groups. 
Step 3: Number the substituents so that the second substituent receives the lowest possible 
number. In (a), the substituents are in the 1- and 4- positions. 
Step 4: Name the compound. If two different alkyl groups are present, cite them 
alphabetically. Halogen substituents follow the same rules as alkyl substituents. 


CH CHaCH2CH ©) "e 
3 21213 


1,4-Dimethylcyclohexane 1 и 3-Cyclobutylpentane 


(9 CH2CH3 ©) 
CX CH3 
CH(CH3)o 
Br C(CHg)s 


1-Bromo-4-ethylcyclodecane 1-Isopropyl-2-methylcyclohexane 4-Bromo-1-fert-butyl- 
2-methylcycloheptane 
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4.2 To draw a substituted cycloalkane, simply draw the ring and attach substituents in the 
specified positions. The structure in (b) is named as a cyclobutyl-substituted alkane 
because the alkyl chain has more carbons than the ring. 


(a) (b) 
CH3 
C H3 v 
1,1-Dimethylcyclooctane 3-Cyclobutylhexane 
(c) (d) CH 
Cl 
Br Br 

1,2-Dichlorocyclopentane 1,3-Dibromo-5-methylcyclohexane 


4.3 


AX 


3-Ethyl-1,1-dimethylcyclopentane 


4.4 Two substituents are cis if they both have either dashed or wedged bonds. The substituents 
are trans if one has a wedged bond and the other has a dashed bond. 


a b 
- H i H3C CH2CH3 
d: H-7 “Н 
C= 
E 
trans-1-Chloro-4-methylcyclohexane cis-] -Ethyl-3-methylcycloheptane 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


68 Chapter 4 


4.5 
(a) (b) (c) 
нс H H Harn 
` ; i CH3 | 
Вг ‚ “СНз ! NC(CH3)3 
: H H 
H 
trans-1-Bromo-3- cis-1,2-Dimethylcyclobutane trans-l-tert-Butyl- 
methylcyclohexane 2-ethylcyclohexane 
4.6 
Prostaglandin F^, 
The two hydroxyl groups are cis because they both point behind the plane of the page 
(both dashed bonds). The carbon chains have a trans relationship (one is dashed and the 
other is wedged). 
4.7 
(a) " (b) 
Кыш Вг К us 
_-CHg HU UH 
H 
cis-1,2-Dimethylcyclopentane cis-1-Bromo-3-methylcyclobutane 
4.8 


All hydrogen atoms on the same side of the cyclopropane ring are eclipsed by neighboring 
hydrogens. If we draw each hydrogen-hydrogen interaction, we count six eclipsing 
interactions, three on each side of the ring. Since each of these interactions costs 4.0 
kJ/mol, all six cost 24.0 kJ/mol. 24 kJ/mol +115 kJ/mol x 100% = 21% of the total strain 
energy of cyclopropane is due to torsional strain. 
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4.9 


cis isomer trans isomer 


Energy Total Total 
Eclipsing cost # of energy cost # of energy cost 
interaction (kJ/mol) | | interactions (kJ/mol) interactions (kJ/mol) 


HeH 4.0 
HecH, 60 
CH, = CH, 11 


4 24.0 


32 


The added energy cost of eclipsing interactions causes cis-1,2-dimethylcyclopropane to be 
of higher energy and to be less stable than the trans isomer. 
4.10 


If cyclopentane were planar, it would have ten hydrogen-hydrogen interactions with a total 
energy cost of 40 kJ/mol (10 x 4.0 kJ/mol) . The measured total strain energy of 26 kJ/mol 
indicates that 14 kJ/mol of eclipsing strain in cyclopentane (35%) has been relieved by 


puckering. 


4.11 


(a) (b) 


Ha encres > СНз 
more stable less stable 


The methyl groups are farther apart in the more stable conformation of cis-1,3- 
dimethylcyclobutane. 
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4.12 Use the technique in Section 4.5 to draw the cyclohexane ring. Figure 4.10 shows how to 
attach axial (a) and equatorial (e) bonds. 


a Ha 


The conformation with —OH in the equatorial position is more stable. 
Note: The starred ring carbons lie in the plane of the paper. 


4.13 In trans-1,4-disubstituted cyclohexanes, the methyl substituents are either both axial or 
both equatorial. 


trans-1,4-Dimethylcyclohexane 


4.14 Inaring-flip, an axial substituent becomes equatorial, and an equatorial substituent 
becomes axial. 
H H | H H 
equatorial 
ring H 
SS 
= 


flip 


equatorial 


equatorial axial 


axial axial 


4.15 Table 4.1 shows that an axial hydroxyl group causes 2 x 2.1 kJ/mol of steric strain. Thus, 
the energy difference between axial and equatorial cyclohexanol is 4.2 kJ/mol. 


2.1 kJ/mol 


2.1 kJ/mol H 
OH 
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4.16 There is very little energy difference between an axial and an equatorial cyano group 
because the small linear cyano group takes up very little room and produces practically no 


1,3-diaxial interactions. 


Cyclohexanecarbonitrile 


4.17 Table 4.1 shows that an axial bromine causes 2 x 1.0 kJ/mol of steric strain. Thus, the 
energy difference between axial and equatorial bromocyclohexane is 2.0 kJ/mol. 
According to Figure 4.12, this energy difference corresponds approximately to a 75:25 
ratio of more stable:less stable conformer. Thus, 7596 of bromocyclohexane molecules are 
in the equatorial conformation, and 25% are in the axial conformation at any given 


moment. 


4.18 Draw the two chair conformations of each molecule, and look for gauche and 1,3-diaxial 
interactions. Use Table 4.1 to estimate the values of the interactions. Calculate the total 
strain; the conformation with the smaller value for strain energy is more stable. 


qu Н <=---> CHg 
<i 
/«---> Н 
trans-l-Chloro-3-methylcyclohexane 
2 (H CH3) = 7.6 kJ/mol 2 (H = Cl) = 2.0 kJ/mol 


The second conformation is more stable than the first. 


(b) H —=--- CH2CH3 
wr E 
H ring 
=— 
CH3 flip 
cis-1-Ethyl-2-methylcyclohexane 
one СНз => CH5CH5 gauche one СНз => CH5CH5 gauche 
interaction = 3.8 kJ/mol interaction = 3.8 kJ/mol 
2 (H-CH5CH3) = 8.0 kJ/mol 2 (H-CH3) = 7.6 kJ/mol 
Total = 11.8 kJ/mol Total = 11.4 kJ/mol 


The second conformation is slightly more stable than the first. 
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© Н <---> CH2CH3 Br <--> Н 


w. 
ring `H 
Eeee 
Шр CH2CH3 


cis-1-Bromo-4-ethylcyclohexane 


2 (H = CH;CH3) = 8.0 kJ/mol 2 (H = Br) = 2.0 kJ/mol 


'The second conformation is more stable than the first. 


н <--> С(СНз)з gu 


aS 
CH3CH> NM C(CH3)s 


cis-1-tert-Butyl-A-ethylcyclohexane 


2 [H = C(CH3)4] = 22.8 kJ/mol 2 (H = CH>CH3) = 8.0 kJ/mol 


The second conformation is more stable than the first. 


4.19 The three substituents have the orientations shown in the first structure. To decide if the 
conformation shown is the more stable conformation or the less stable conformation, 
perform a ring-flip on the illustrated conformation and do a calculation of the total strain in 
each structure as in the previous problem. Notice that each conformation has a СІ-СНз 
gauche interaction, but we don't need to know its energy cost because it is present in both 


conformations. 
„СНз H CHs TH 
H ring Hae, 
Сна а 
flip 
H H CI 
H <--> Ùl н -I$ Ch 

2 [H < CH3] = 7.6 kJ/mol 2 [H < CH3] = 7.6 kJ/mol 
2 [H < CI] = 2.0 kJ/mol 

= 9.6 kJ/mol 


The illustrated conformation is the less stable chair form. 
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4.20 


Trans-decalin is more stable than cis-decalin because of three 1,3-diaxial interactions 
present in the cis isomer. You can recognize these interactions if you think of the circled 
parts of cis-decalin as similar to axial methyl groups. The gauche interactions that occur 
with axial methyl groups also occur in cis-decalin. 


4.21 Both ring fusions are trans because the bridgehead groups are on opposite faces of the 


fused ring system. 


Visualizing Chemistry 


4.22 
(a) 
H3C CH2CH3 
cis-1-Ethyl-3-methylcyclopentane 
4.23 
aCHg--2=H 
H Я 
Me ring 
= 
flip 


trans-1-Chloro-3-methylcyclohexane 


2 (H = СН») = 7.6 kJ/mol 


(b) 
СНз 


HaC 
R CHa 


1,1,4-Trimethylcyclohexane 


H <--> 


2 (H = Cl) = 2.0 kJ/mol 


The conformation shown (the left structure) is the less stable conformation. 


equatorial 


equatorial 
axi 


equatorial 
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4.25 The green substituent is axial, and the red and blue substituents are equatorial. 


Ceo 
Py cis relationship: blue-green 
Er red 7 " trans relationship: green-red, blue-red 
€ blue. y 
4.26 
HOCH% HOCH» 
HO HO о 
HO ГН HO 1 -OH 
OH OH 
aOH 
a-Glucose p-Glucose 


The only difference between o-glucose and f-glucose is in the orientation of the -OH 
group at carbon 1: the -OH group is axial in o-glucose, and it is equatorial in f-glucose. 
You would expect f-glucose to be more stable because all of its substituents are in the 
equatorial position. 


Additional Problems 


Cycloalkane Isomers 


CHa H3C HaC Hae CH 
ae ш H3C з 5 CH3 е 


The last two structures are cis-trans isomers. 


4.27 
3 


4.28 Constitutional isomers differ in the way that atoms are connected. 


H. Н Br, H 
Br 202 Br H Br 
cis-1,2-Dibromo- cis-1,3-Dibromo- trans-1,3-Dibromo- 
cyclopentane cyclopentane cyclopentane 
V J 
Y 


constitutional isomers of cis-1,2-dibromocyclopentane 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


Organic Compounds: Cycloalkanes and Their Stereochemistry 75 


4.29 Stereoisomers have different three-dimensional geometry. 


trans-1,3-Dimethylcyclobutane 


cis-1,3-Dimethylcyclobutane 


4.30 
(a) H H H 
Br mms “Вг Вг "m. 
constitutional 
isomers 
Br ^, 
H 
cis-1,3-Dibromocyclohexane trans-1,4-Dibromocyclohexane 
(b) 
СНз H3C CH, 
| | 1 constitutional 
Наро онно a isomers 
СНз H3C 
2,3-Dimethylhexane 2,3,3-Trimethylpentane 
(c) Cl 
ch a " identical 


e. 


4.31  Stereoisomers: 


П 
D 


H 


H 


I 
D 


D H Cl 
Ej trans-1,2-Dichlorocyclobutane CL cis-1,2-Dichlorocyclobutane 
с “о 


Н 


Constitutional isomers of trans-1,2-dichlorocyclobutane: 


el H 
' а СІ ' Cl 
M 1,1-Dichlorocyclobutane ГЇ cis-1,3-Dichlorocyclobutane 
Clr: 


trans-1,3-Dichlorocyclobutane is also a constitutional isomer. 
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4.32 
cis relationship: red-green, blue-black 
trans relationship: red-blue, green-blue 

red—black, green-black 
OH blue 
4.33 
н сњ HaC H 
H3C 4 y CH3 H3C a i CH3 
H A H H p H 


Two cis-trans isomers of 1,3,5-trimethylcyclohexane are possible. In one isomer (A), all 
methyl groups are cis; in B, one methyl group is trans to the other two. 


Cycloalkane Conformation and Stability 


4.34 


О 


4.35 Make a model of cis-1,2-dichlorocyclohexane. Notice that all cis substituents are on the 
same side of the ring and that two adjacent cis substituents have an axial-equatorial 
relationship. Now, perform a ring-flip on the cyclohexane. 


After the ring-flip, the relationship of the two substituents is still axial-equatorial. No two 
adjacent cis substituents can be converted to being both axial or both equatorial by a ring- 
flip. Don't forget that there are only two chair conformations of any given cyclohexane. 
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4.36 Fora trans-1,2-disubstituted cyclohexane, two adjacent substituents must be either both 
axial or both equatorial. 


A ring flip converts two adjacent axial substituents to equatorial substituents, and vice 
versa. As in Problem 4.35, no two adjacent trans substituents can have an axial-equatorial 


relationship. 
4.37 
X 
cis-1,3 
i Y X 
X 
trans-1,3 
ү. 
Y 
Y 
A cis-1,3-disubstituted isomer exists almost exclusively in the diequatorial conformation, 
which has no 1,3-diaxial interactions. The trans isomer must have one group axial, leading 
to 1,3-diaxial interactions. Thus, the trans isomer is less stable than the cis isomer. When a 
molecule has two conformations available, the molecule exists mainly in the lower energy 
conformation. 
4.38 
X 
X 
Y Y 
cis trans 


The trans-1,4-isomer is more stable because both substituents can be equatorial. 
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4.39 


less stable 
cis 


more stable 


trans 


Two types of interaction are present in cis-1,2-dimethylcyclobutane. One interaction occurs 
between the two methyl groups, which are almost eclipsed. The other is an across-the-ring 
interaction between methyl group at position 1 of the ring and a hydrogen at position 3. 
Because neither of these interactions are present in trans isomer, it is more stable than the 


cis Isomer. 


more stable 
cis 


less stable 
trans 


In trans-1,3-dimethylcyclobutane, an across-the-ring interaction occurs between the methyl 
group at position 3 of the ring and a hydrogen at position 1. Because no interactions are 
present in the cis isomer, it is more stable than the trans isomer. 


4.40 To solve this problem: (1) Find the energy cost of a 1,3-diaxial interaction by using Table 
4.]. (2) Convert this energy difference into a percent by using Figure 4.12. 


(a) 
н —=--->- CH(CH3); 
a” 

H 

(b) "S 
He 

С 

© Н <---> СМ 
je 


2 (H <> CH(CH3);) = 9.2 kJ/mol 


% equatorial = 97 
% axial = 3 


2 (Н <= F) = 1.0 kJ/mol 
% equatorial = 63 
% axial = 37 


2 (H = CN) =0.8 kJ/mol 
% equatorial = 60 
% axial = 40 
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4.41 Make sure you know the difference between axial-equatorial and cis-trans. Axial 
substituents are parallel to the axis of the ring; equatorial substituents lie around the equator 
of the ring. Cis substituents are on the same side of the ring; trans substituents are on 
opposite side of the ring. 


(a) 1,3-trans 


axial, equatorial 


(b) 1,4-cis 


X Y 
5 ; 
6 1 ring 
E ——— 
Y А flip 
4 2 
axial, equatorial equatorial, axial 


(c) 1,3-cis 


X 
5 ; 6 
Y 6 1 ring 4 5 
oS 
=— 
А flip d NO qe 
4 2 3 1 
axial, axial equatorial, equatorial 


(d) 1,5-trans is the same as 1,3-trans 
(e) 1,5-cis 1s the same as 1,3-cis 


(f) 1,6-trans 


X 
5 1 ; 6 
6 ring 4 5 Y 
=——_ 
А flip 5 X 
| 
4 y 2 3 1 
axial, axial equatorial, equatorial 


1,6-trans is the same as 1,2-trans. 
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Cyclohexane Conformational Analysis 


4.42 


4.43 


4.44 


H «<--> CI 


H H 
H =” тїп T 
| g, H3C 
CH3 flip Cl 


cis-1-Chloro-2-methylcyclohexane 


Use Table 4.1 to find the values of 1,3-diaxial interactions. For the first conformation, the 
steric strain is 2 x 1.0 kJ/mol = 2.0 kJ/mol. The steric strain in the second conformation is 
2 x 3.8 kJ/mol, or 7.6 kJ/mol. The first conformation is more stable than the second 
conformation by 5.6 kJ/mol. 


ring 
С ш“ 
cH, ПР 
H- 
Н --- ke Cl 

no 1,3-diaxial 2 x 3.8 kJ/mol = 7.6 kJ/mol 
interactions 2 x 1.0 kJ/mol = 2.0 kJ/mol 
= 9.6 kJ/mol 


trans-1-Chloro-2-methylcyclohexane 


Use Table 4.1 to find the values of 1,3-diaxial interactions. The first conformation is more 
stable than the second conformation by a maximum of 9.6 kJ/mol. (A gauche interaction 
between the two substituents in the diequatorial conformation reduces the value of the 
energy difference, but its value can't be determined with the given data.) 


OH 
HOCH, 


Galactose 
HO OH 


OH 
H 


In this conformation, all substituents, except for one hydroxyl group, are equatorial. 
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4.45 From the flat-ring drawing you can see that the methyl group and the —OH group have a cis 
relationship, and the isopropyl group has a trans relationship to both of these groups. 
Draw a chair cyclohexane ring and attach the groups with the correct relationship. 


ESO 
I 
[99] 


HO CH3 


CH(CH3)2 


In this conformation, all substituents are equatorial. Now, perform a ring flip. 


H H (CHg)aCH 
H 
HO CH3 ring. T 
(CH3)2CH flip s H 
OH 
H CH3 


4.46 


. HO . H -> HO . 
H  CH(CH3; H CH(CHs)o H  CH(CH3)2 H  CH(CH3)2 


Menthol cis-trans isomers of menthol 


The substituents on the ring have the following relationships: 


Menthol Isomer A Isomer B Isomer C 
—CH(CH3)o, —CH3 trans trans cis cis 
—CH(CH3)2 — OH trans cis trans cis 
—CH3,—OH cis trans trans cis 
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4.47 


H 
H3C Ta 
3 НСИ Сн; 
diequatorial diaxial 


The large energy difference between conformations is due to the severe 1,3 diaxial 
interaction between the two methyl groups. 


4.48  Diaxial cis-1,3-dimethylcyclohexane contains three 1,3-diaxial interactions — two H <> 
CH; interactions of 3.8 kJ/mol each, and опе СН» < CH; interaction. If the diaxial 
conformation is 23 kJ/mol less stable than the diequatorial, 23 kJ/mol — 2(3.8 kJ/mol) = 15 
kJ/mol of this strain energy must be due to ће СН» <> СН» interaction. 


4.49 
H =--> CH3 
ae 
H : 
CH3 ME. 
<=—_— 
H3C A B а 
HC f xai sss ONS 
2 H = CH; interactions = 7.6 kJ/mol 2H = CH; interactions = 7.6 kJ/mol 
ІСН; = CH; interaction = 15 kJ/mol 
= 23 kJ/mol 
Conformation A is favored. 
4.50 


H3C A 
f Hye 4 ко 


Conformation A of cis- 1-chloro-3-methylcyclohexane has no 1,3-diaxial interactions and 
is the more stable conformation. Steric strain in B is due to one CH3 < Н interaction (3.8 
kJ/mol), one Cl <> Н interaction (1.0 kJ/mol) and one CH; < Cl interaction. Since the 
total-strain energy of B is 15.5 kJ/mol, 15.5 kJ/mol - 3.8 kJ/mol - 1.0 kJ/mol = 10.7 
kJ/mol of strain is caused by a СН» <= Cl interaction. 
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General Problems 


4.51 Note: In working with decalins, it is essential to use models. Many structural features of 
decalins that are obvious with models are not easily visualized with drawings. 


H 


trans-Decalin cis-Decalin 


No 1,3-diaxial interactions are present in trans-decalin. 


At the ring junction of cis-decalin, one ring acts as an axial substituent of the other (see 
circled bonds). The circled part of ring B has two 1,3-diaxial interactions with ring A 
(indicated by arrows). Similarly, the circled part of ring A has two 1,3-diaxial interactions 
with ring B; one of these interactions is the same as an interaction of part of the B ring 
with ring A. These three 1,3-diaxial interactions have a total energy cost of 3 x 3.8 kJ/mol 
= 11.4 kJ/mol. Cis-decalin is therefore less stable than trans-decalin by 11.4 kJ/mol. 


4.52 Aring-flip converts an axial substituent into an equatorial substituent and vice versa. At the 
ring junction of trans-decalin, each ring is a trans-trans diequatorial substituent of the 
other. If a ring-flip were to occur, the two rings would become axial substituents of each 
other. You can see with models that a diaxial ring junction is impossibly strained. 
Consequently, trans-decalin does not ring-flip. 


The rings of cis-decalin are joined by an axial bond and an equatorial bond. After a 


ring-flip, the rings are still linked by an equatorial and an axial bond. No additional strain 
or interaction is introduced by a ring-flip of cis-decalin. 


H H 


| = 
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4.53 Build models to see the stability difference between the two [4.1.0] ring systems. In both 
cases, fusing a three-membered ring to a six-membered ring distorts the bond angles of 
both rings, causing angle strain. This strain is much more severe in the trans isomer than in 
the cis isomer. 


H H H 


trans-Bicyclo[4.1.0]heptane 


4.54 
HO О НО 
Я СОН 
О OH 
O О н 
A 
| H —> H 
ad HO 
Simvastatin (Zocor) Pravastatin (Pravachol) 


Atorvastatin (Lipitor) 


(a) The indicated bonds on simvastatin are trans. 

(b) The -H bond and the -OH bond have a cis relationship. The third bond is trans to both 
of them. 

(c) The three indicated bonds on atorvastatin are attached to sp^-hybridized carbons of a 
planar ring and lie in the same plane. 
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4.55 Inthe flat-ring structure shown, all -OH groups have a alternating relationship except for 
the starred group (below). If all of the groups had a trans relationship, the most stable 
conformation would have all -OH groups in the equatorial position. We expect that the 
most stable conformation of this structure has one group in the axial position. 

Draw both rings and add -OH groups having the indicated relationships. Perform a 
ring-flip on the structure you have drawn to arrive at the other conformation. 


OH OH ӨН Su 
HO 
HO, > _-OH 1 | ӨН 
OH ring 
ELLE 
HO OH flip HO ~= i 
! OH 
OH 
myo-Inositol more stable 
4.56 
OH OH 
HO HO HO 
HO OH HO HO 
HO OH HO OH HO 
OH OH OH 
OH 
OH OH OH 
HO о HO HO о 
HO HO HO 
HO OH OH HO 
OH 
OH OH 
OH OH OH 
HO HO о 
HO 
HO OH 
OH 
OH OH 


There are eight cis-trans stereoisomers of myo-inositol. The first isomer is the most stable 
because all hydroxyl groups can assume an equatorial conformation. 
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4.57 


1-Norbornene 


If you build a model of 1-norbornene, you will find that it is almost impossible to form the 
bridgehead double bond. sp^-Hybridization at the double bond requires all carbons bonded 
to the starred carbons to lie in a common plane in order for the p orbitals to overlap to form 
the x bond.The bicyclic ring system forces these atoms out of plane, and the bridgehead 
double bond can't form. 


4.58 A steroid ring system is fused, and ring-flips don't occur. Thus, substituents such as the 
methyl groups shown remain axial. Substituents on the same side of the ring system as the 
methyl groups are in alternating axial and equatorial positions. Thus, an "up" substituent at 
C3 (a) is equatorial. 


Substituents on the bottom side of the ring system also alternate axial and equatorial 
positions. A substituent at C7 (b) is axial, and one at C11 ( c) is equatorial 


H CH3 
CH а, 
Z 
X 
7 
3 
H H Y 
4.59 
NH» 
Amantadine 
4.60 
mirror 
НЗС H H CH3 
е | О meno 
| 
| 
H CH3 l H3C H 


The two trans-1,2-dimethylcyclopentanes are mirror images. 
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4.61 Draw the four possible isomers of 4-tert-butylcyclohexane-1,3-diol. Make models of these 
isomers also. The bulky tert-butyl group determines the stable conformation because of its 
strong preference for the equatorial position. 


(CHg)3C d (CH3)3C d 


Only when the two hydroxyl groups are cis diaxial (structure 1) can the acetal ring form. 
In any other conformation, the oxygen atoms are too far apart to be incorporated into a six- 
membered ring. 


үз 
H3C РАШ О 
О 
(CH3)3C 
4.62 
H 
C(CH3)3 
H 
CIS OH 
OH L С(СНз)з 
Н 
z OH z 
C(CH3)3 
OH H 
trans 
C(CH3)3 | 


All four conformations of the two isomers are illustrated. The second conformation of each 
pair has a high degree of steric strain, and thus each isomer adopts the first conformation. 
Since only the cis isomer has the hydroxyl group in the necessary axial position, it oxidizes 
faster than the trans isomer. 
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Chapter 5 - Stereochemistry at Tetrahedral Centers 


Chapter Outline 


I. Handedness (Sections 5.1—5.4). 
A. Enantiomers and tetrahedral carbon (Section 5.1). 
1. When four different groups are bonded to a carbon atom, two different 
arrangements are possible. 
a. These arrangements are mirror images. 
b. The two mirror-image molecules are enantiomers. 
B. The reason for handedness in molecules: chirality (Section 5.2). 
1. Molecules that are not superimposable on their mirror-images are chiral. 
a. A molecule is not chiral if it contains a plane of symmetry. 
b. A molecule with no plane of symmetry is chiral. 
2. Acarbon bonded to four different groups is a chirality center. 
3. Itis sometimes difficult to locate a chirality center in a complex molecule. 
4. The groups -CH;-, -CH;, C=O, C=C, and C=C can't be chirality centers. 
Optical activity (Section 5.3). 
1. Solutions of certain substances rotate the plane of plane-polarized light. 
a. These substances are said to be optically active. 


С: 


2. The angle of rotation can be measured with а polarimeter. 
3. The direction of rotation can also be measured. 
a. Acompound whose solution rotates plane-polarized light to the right is termed 
dextrorotatory. 
b. A compound whose solution rotates plane-polarized light to the left is termed 
levorotatory. 


4. Specific rotation. 
a. The extent of rotation depends on concentration, path length and wavelength. 
b. Specific rotation is the observed rotation of a sample with concentration = 1 
g/mL, sample path length of 1 dm, and light of wavelength 2 589 nm. 
c. Specific rotation is a physical constant characteristic of a given optically active 
compound. 
D. Pasteur's discovery of enantiomerism (Section 5.4). 
]. Pasteur discovered two different types of crystals in a solution that he was 
evaporating. 
2. The crystals were mirror images. 
3. Solutions of each of the two types of crystals were optically active, and their 
specific rotations were equal in magnitude but opposite in sign. 
4. Pasteur postulated that some molecules are handed and thus discovered the 
phenomenon of enantiomerism. 
II. Stereoisomers and configurations (Sections 5.5—5.8). 
A. Specification of configurations of stereoisomers (Section 5.5). 
1. Rules for assigning configurations at a chirality center: 
a. Assign priorities to each group bonded to the carbon by using 
Cahn-Ingold-Prelog rules. 
i. Rankeach atom by atomic number. 
(a). An atom with a higher atomic number receives a higher priority than an 
atom with a lower atomic number. 
li. If a decision can't be reached based on the first atom, look at the second or 
third atom until a difference is found. 
iii. Multiple-bonded atoms are equivalent to the same number of single-bonded 
atoms. 
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b. Orient the molecule so that the group of lowest priority is pointing to the rear. 
c. Draw a curved arrow from group 1 to group 2 to group 3. 
d. Ifthe arrow rotates clockwise, the chirality center is R, and if the arrow rotates 
counterclockwise, the chirality center is S. 
2. Thesign of optical rotation is not related to R,S designation. 
3. X-ray experiments have proven R,S conventions to be correct. 
B. Diastereomers (Section 5.6). 
1. A molecule with two chirality centers can have four possible stereoisomers. 
a. The stereoisomers group into two pairs of enantiomers. 
b. Astereoisomer from one pair is the diastereomer of a stereoisomer from the 
other pair. 
2. Diastereomers are stereoisomers that are not mirror images. 
3. Epimers are diastereomers whose configuration differs at only one chirality center. 
C. Meso compounds (Section 5.7). 
1. A meso compound occurs when a compound with two chirality centers possesses a 
plane of symmetry. 
2. A meso compound is achiral despite having two chirality centers. 
3. The physical properties of meso compounds, diastereomers and racemic mixtures 
differ from each other and from the properties of enantiomers. 
D. Racemic mixtures and the resolution of enantiomers (Section 5.8). 
1. A racemic mixture (racemate) is a 50:50 mixture of two enantiomers. 
a. Racemic mixtures show zero optical rotation. 
2. Some racemic mixtures can be resolved into their component enantiomers. 
a. Ifaracemic mixture of a carboxylic acid reacts with a chiral amine, the product 
ammonium salts are diastereomers. 
b. The diastereomeric salts differ in chemical and physical properties and can be 
separated. 
c. The original enantiomers can be recovered by acidification. 
III. A review of isomerism (Section 5.9). 
A. Constitutional isomers differ in connections between atoms. 
1. Skeletal isomers have different carbon skeletons. 
2. Functional isomers contain different functional groups. 
3. Positional isomers have functional groups in different positions. 
B. Stereoisomers have the same connections between atoms, but different geometry. 
1. Enantiomers have a mirror-image relationship. 
2. Diastereomers are non-mirror-image stereoisomers. 
a. Configurational diastereomers. 
b. Cis-trans isomers differ in the arrangement of substituents on a ring or a double 
bond. 
IV. Chirality at atoms other than carbon (Section 5.10). 
A. Other elements with tetrahedral atoms can be chirality centers. 
B. Trivalent nitrogen can, theoretically, be chiral, but rapid inversion of the nitrogen lone 
pair interconverts the enantiomers. 
C. Chiral phosphines and trivalent sulfur compounds can be isolated because their rate of 
inversion is slower. 
V. Prochirality (Section 5.11). 
A. A molecule is prochiral if it can be converted from achiral to chiral in a single chemical 
step. 
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B. Identifying prochirality. 
1. For sp“ carbon, draw the plane that includes the atoms bonded to the sp ? carbon. 
a. Assign priorities to the groups bonded to the carbon. 
b. Draw an curved arrow from group 1 to group 2 to group 3. 
c. The face of the plane on which the curved arrow rotates clockwise is the Re 
face. 
d. The face on which the arrow rotates counterclockwise is the Si face. 
2. An atom that is sp`- -hybridized may have a prochirality center if, when one of its 
attached groups is replaced, it becomes a chirality center. 
a. For—CH»X, imagine a replacement of one hydrogen with deuterium. 
b. Rank the groups, including the deuterium. 
c. Ifthe replacement leads to R chirality, the atom is pro-R. 
d. Ifthe replacement leads to S chirality, the atom is pro-S. 
C. Many biochemical reactions involve prochiral compounds. 
VI. Chirality in nature and chiral environments (Section 5.12). 
A. Different enantiomers of a chiral molecule have different properties in nature. 
(+)-Limonene has the odor of oranges, and (—)-limonene has the odor of lemons. 
2. Racemic fluoxetine is an antidepressant, but the S enantiomer is effective against 
migraine. 
B. In nature, a molecule must fit into a chiral receptor, and only one enantiomer usually 
fits. 


Solutions to Problems 


5.1 Objects having a plane of symmetry are achiral. 
Chiral: screw, shoe. 
Achiral: soda can, screwdriver. 


5.2  Usethe following rules to locate centers that are not chirality centers, then examine the 
remaining centers to find a carbon with four different groups attached. 


1. All -CH3 and —CX3 carbons are not chirality centers. 


2. All -CH»5- and -CX»- carbons are not chirality centers. 


3. АП —C—C — and —C=C— carbons are not chirality centers 
By rule 3, all aromatic ring carbons are not chirality centers. 
(a) (b) (c) 
H CH3 CH30 
x — CH2CH2CH3 


= 
ЕЯ 1 


"N—CH 
е 3 


Coniine Menthol Dextromethorphan 
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5.3 Refer to Problem 5.2 if you need help. 


COH COH 
.-C CG... Alanine 
H-4 “мн, нм V.H 
H3C CH3 
5.4 
(a) (b) 
HO H Н FF 
| NF NG 
HONG EE QE H, AP ^g 
A\ A^ 4 ^ 
HH HOH F О 
Threose Enflurane 


5.5 By convention, a (—) rotation indicates rotation to the left, and thus cocaine 15 levorotatory. 


5.6 


Use the formula [a]p = a where 


Іх С 
[0] = specific rotation 
a = observed rotation 
1 = pathlength of cell (in dm) 
C = concentration (in g/mL) 
In this problem: а = 1.21? 
1 = 5.00 cm = 0.500 dm 


C 1.50 g/10.0 mL = 0.150 g/mL 
T 1.21* 
[р = ———— ——————— = «16.1? 
0.500 dm x 0.150 g/mL 


5.7 Review the sequence rules presented in Section 5.5. A summary: 


Rule 1: Ап atom with a higher atomic number has priority over an atom with a lower 
atomic number. 

Rule 2: Ifa decision can't be reached by using Rule 1, look at the second, third, or 
fourth atom away from the double-bond carbon until a decision can be made. 

Rule3: Multiple-bonded atoms are equivalent to the same number of single-bonded 


atoms. 
Higher Lower Rule Higher Lower Rule 
(a) -Br -H 1 (b) -Br -C1 1 
(c) -CH2CH3 -CH3 2 (d) -OH -NH2 1 
(е) -CH,OH -CH3 2 (f) -CH=0 —CH,0H 3 
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5.8 


5.9 


Chapter 5 


Use the sequence rules in Section 5.5. 


(a) By Rule 1, -H is of lowest priority, and -ОН is of highest priority. By Rule 2, 
—CH;CH?OH is of higher priority than -CH2CH3. 


Highest —— — — ——» Lowest 
-OH, -CH5CH50H, -СН,СН;, -H 


N и 
(b) By Rule 3, -COoH is considered as — C — OH. Because 3 oxygens are attached 


to a—COH carbon and only one oxygen is attached to -CH2OH, -СОН is of higher 
priority than -CH2OH. -CO2CH; is of higher priority than -CO5H by Rule 2, and -OH is 
of highest priority by Rule 1. 


Highest ——————— — —» Lowest 
(b —OH, —CO,CH3. —CO,H, —CH50H 
(с) —NH5, —CN, —CH,NHCH3, —CH5NH5 
(d) —SSCH3, —SH, —CH,SCH3, — CH3 


All stereochemistry problems are easier if you use models. Part (a) will be solved by two 
methods — with models and without models. 

(a) With models: Build a model of (a). Orient the model so that group 4 is pointing to the 
rear. Note the direction of rotation of arrows that go from group 1 to group 2 to group 3. 
The arrows point counterclockwise, and the configuration is S. 


Without models: Imagine yourself looking at the molecule, with the group of lowest 
priority pointing to the back. Your viewpoint would be at the upper right of the molecule, 
and you would see group 1 on the left, group 3 on the right and group 2 at the bottom. The 
arrow of rotation travels counterclockwise, and the configuration is S. 


" 9 «ө 
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5.10 Step 1. For each chirality center, rank substituents by the Cahn—Ingold—Prelog system; 


5.11 


give the number 4 to the lowest priority substituent. For part (a): 


Substituent Priority 


-SH 1 
-COH 2 
-CH3 3 
-H 4 


Step 2. As in the previous problem, orient yourself so that you are 180° from the lowest 
priority group (indicated by the arrow in the drawing). From that viewpoint, draw the 
molecule as it looks when you face it. Draw the arrow that travels from group 1 to group 2 
to group 3, and note its direction of rotation. The molecule in (a) has S configuration. 


(а) 3 MK X 


| г = Ed S 


4 
Hi BO % 
HS D 


(b) 1 (c) H 2 
4 


In (b), the observer is behind the page, looking out and down toward the right. In (c), the 
observer is behind the page looking out and up to the left. 


H 
онзснгснгссна (S)-2-Pentanol 

H 
Substituent Priority jc. H 
—OH 1 HOW н 44 СНз ls 
E Е | О 
e 3 ў CH5CH2CH3 Нз 
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5.12 Fortunately, methionine is shown in the correct orientation. 


Ma T 
CH3SCH?CHA, н 4 СО2Н (S)-Methionine 
C 


| 


NH 
+ 2 


5.13 For (a): (Note: the phosphate group is represented as P.) 


17^ ^2 
CHO 17^ 2 
HO CHO CHO 
H HO CH(OH)CHO 

Hm с ACH Б^ R Нь 40H NOS e ) 
Н” | “OH ee н” чон 3 CH2OP 

CH2OP CH5OP CH50P 

(a) R,R (b) S,R (c) R,S (d) S,S 


a, d are enantiomers and are diastereomeric with b, c. 

b, c are enantiomers and are diastereomeric with a, d. 

Structure (a) is D-erythrose 4-phosphate, structure (d) is its enantiomer, and structures (b) 
and (c) are its diastereomers. 


5.14 
Morphine 

Morphine has five chirality centers and, in principle, can have 2? 2 32 stereoisomers. Most 

of these stereoisomers are too strained to exist. 
5.15 

HC H 
x, š 
HOC. „С$ Isoleucine 
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5.16 To decide if a structure represents a meso compound, try to locate a plane of symmetry that 
divides the molecule into two halves that are mirror images. Molecular models are always 
helpful. 


(a) 


(d) H H 
| р == Qd 
з e ч — 2 C a symmetry 
H3C » H Br + CH3 meso 
Br H 


5.17 For a molecule to exist as a meso form, it must possess a plane of symmetry. 2,3- 
Butanediol can exist as a pair of enantiomers or as a meso compound, depending on the 
configurations at carbons 2 and 3. 


(a) 
H H 
is CR А plane of 
SC RC RC symmetry 
HaC” ! XOH HO” | NCH HO” | X CH3 
H meso 
not meso 


(b) 2,3-Pentanediol has no symmetry plane and thus can't exist in a meso form. 


(c) 2,4-Pentanediol can exist in a meso form. 


H 
HO, „СН 
“сс 3 
alu i 
symmet 
ep y ry 
HO" | “снз 
H 


2,4-Pentanediol can also exist as а pair of enantiomers (2R,4R) and (25,45) that are 
not meso compounds. 
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5.18 The molecule represents a meso compound. The symmetry plane passes through the 
carbon bearing the -OH group and between thr two ring carbons that are bonded to methyl 
groups. 


H3C 


H 
~~~__ plane of 
H OH symmetry 
5.19 
О H О H 
\ p CH3 acid NI »P CH3 
C—OH + но—Сс —- C—0—0C$ + HO 
/ \ catalyst / 
H3C CH5CHs НзС CH2CH3 
Acetic acid (S)-2-Butanol sec-Butyl acetate 
The product is the pure S-ester. No new chirality centers are formed during the reaction, 
and the configuration at the chirality center of (S)-2-butanol is unchanged. 
5.20 
> С 
СО›Н CO CH 
[5 CH3 pice gel? 
-C = = 
H7 4 СНз S H7 4 СНз H^« 
H^« + 
HO HoN HO 3 
V J 
> < bf 
" g——— An R,S salt 
+ 
HO HQ СНз 
| | 
COH CO Figs 
- 
V v 2 
Ар 8,5 salt 
The two product salts have the configurations (А, $) апа (5,5) and are diastereomers. 
5.21 (а) 
CHs Cl 
HZ 
4 "^ CH5CH— CHCH 
Cl 
(S)-5-Chloro-2-hexene Chlorocyclohexane 


These two compounds are constitutional isomers (skeletal isomers). 


(b) The two dibromopentane stereoisomers are diastereomers. 
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5.22 For each molecule, replace the left hydrogen with ?H. Give priorities to the groups and 
assign R,S configuration to the chirality center. If the configuration is R, the replaced 
hydrogen is pro-R, and if the configuration is S, the replaced hydrogen is pro-S. 


(a) 
pro-S —> H H- pro-R 


‚ HOLH 4H 
\ „ОНО ud CHO 
HO í | HO ‘ 
C M 


HO H H(OH)CHO HO H 
(S)-Glyceraldehyde 
(b) 2 1 


(S)-Phenylalanine | 


5.23 Draw the plane that includes the sp? carbon and its substituents, and rank the substituents. 
For the upper face, draw the arrow that proceeds from group 1 to group 2 to group 3. If 
the direction of rotation is clockwise, the face is the Re face; if rotation is 
counterclockwise, the face is the Si face. 


(a) Re face (b) Re face 
\ A 
Hydroxyacetone Si face Crotyl alcohol Si face 


5.24 Use the strategy in the previous problem to identify the faces of the plane that contains the 
sp“ carbon. Draw the product that results from reaction at the Re face, and assign 
configuration to the chirality center. 


Re face 


li Y 


Pyruvate Si face (S)-Lactate 
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5.25 Addition of -OH takes place on the Re face of C2 of aconitate. Addition of -H occurs on 
the Re face of СЗ to yield (2R,3S)-isocitrate. Н and OH add from opposite sides of the 
double bond. 

Re face 
of C2 


HO H 


S ^ 
des 


H CO; 


(2R,3S)-Isocitrate 


Visualizing Chemistry 


5.26 Structures (a), (b), and (d) are identical (R enantiomer), and (c) represents the S 


enantiomer. 
5.27 
(a) MK X 
2 4 1 
CO5H НОС H 4NH 
A". 
ырын CHyOH 
(S)-Serine 3 
b 
(b) H OH ji Se 
HO NHCH3 = HOw Us CH2NHCH3 
i R 
HO x R - ring 


(R)-Adrenaline 


5.28 Locate the plane of symmetry that identifies the structure as a meso compound. 


(a) (b) (c) 
" TW ы HN HHN н C, H 
H H a poc H 
І R 
HO OH i ^ 
| | meso а н 
H meso H not meso 
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5.29 
HO H 
d ^C саас Pseudoephedrine 
H3C " 
5.30 


Additional Problems 


Chirality and Optical Activity 


5.31 Chiral: (d) golf club, (e) spiral staircase 
Achiral: (a) basketball, (b) fork, (c) wine glass, (f) snowflake. 


5.32 
B T. Ts 
* 
CH3CHaCH2CHCHsCHCH3 2,4-Dimethylheptane has one chirality center. 
(6) бна онгон 


CHgeHeye Hot 5-Ethy1-3,3-dimethylheptane is achiral. 


CH3 


(c) 
Cl Cl cis-1,4-Dichlorocyclohexane is achiral. Note the plane of 
symmetry that passes through the —Cl groups. 


99 
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5.33 
(a) o (b) н © o 
CH4CH5CH5CHCHs CH4CH5CH2CH5CHCHs CH4CH5CHCH — CH; 
x ж ж 
2-Chloropentane 2-Hexanol 3-Methyl-1-pentene 
d 
(d) o 
CH3CHCH2CH2CHCH2CH3 
3-Methylheptane 
5.34 
(à T: 13 
CH3CH»CH»CH»CH»2OH  CH4CHSCHSCHCH3 CH3CH2CHCH2CH3 CHSCCHOH 
ж 
achiral chiral achiral CH3 
снз он он снае 
CHaCHəCHCH2OH ^ CHSCH;CCHa СНзСНОНСНз —— HOCH;CH;CHCHs 
* * 
chiral CH3 CH3 achiral 
achiral chiral 
5.35 
a b c d 
(a) он (b) сњ (с) Br OH (d) Br о 
/ 
CH3CH2CHCH3 CH3CH»CHCO>H CH4CHCHCHs CH3CHC, 
ж ож ж 
H 
5.36 
Erythronolide B 


Erythronolide B has ten chirality centers. 
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Assigning Configuration to Chirality Centers 


5.37  Identical molecules: b (S enantiomer), c (R enantiomer), d (S enantiomer). 
Pair of enantiomers: a 


5.38 The specific rotation of (2R,3R)-dichloropentane is equal in magnitude and opposite in 
sign to the specific rotation of (2S,3S)-dichloropentane because the compounds are 
enantiomers. There is no predictable relationship between the specific rotations of the 
(2R,3S) and (2R,3R) isomers because they are diastereomers. 


5.39—5.40 
А " n A 
|S |R |S | R 
СН» СН» СН» СН» 
яд 50 50 RC 
HO" Т (Сано) (C4Hg) т “OH (C4Hg) ТОН HO” Y (Сано) 
H H H H 
25,4R 2R,AS 25,45 2R,4R 
Iu v p V v 2 
enantiomers enantiomers 


The (2R,4S) stereoisomer is the enantiomer of the (2S,AR) stereoisomer. 
The (25,45) and (2R,4R) stereoisomers are diastereomers of ће (2S,4R) stereoisomer. 


5.41 T е pe ® е me 
QOL , _ oo, 
ojo VÀ) ote WD 
(c) 
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5.42 
Highest — —— — — — — — —» Lowest 


(a) —C(CH3)3, —CH=CH», —CH(CH3)o, — CH2CHs 


(b) -— ) —CeCH, —C(CH3)s, —CH=CH> 


(c) —CO5CHs, —COCH3, — CH50CHs, —CH2CH3 
(d) —Br, —CHoBr, — CN, —CH5CH52Br 


5.43 


(a) H OH (b) Cl H (б) н осы» 
S 'S 
HOCH ~COsH 


5.44 
(a) 


XN- 
OH 
ı øH HAS S 4,CHs3 HO, R^ S „ОН 
gh CH3CH5 “H "dc" 
д 
Н 


(а) (b) 


Ам ) 


Ho HH 


5.45 


SS ~CHaCHsCHsCH,CO.- 
Biotin Prostaglandin E| 


H 
p SHAN da 
| afo (77 мотро 
CHaCHs CH3 CH=CH» CH2CH3 
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5.47 
(a) (b) 


5.48 


Ascorbic acid 


5.49 
(a) T (b) ня 


5.50 


(+)-Xylose 


Meso Compounds 


5.51 


a b c 
(а) CH2CH3 (b) CHoCH3 (c) CH3 


1 IS 
Hm с СНз Synimetry Hm с СНз Hm C OH 


symmetry 
C ~~ plane N plane == C 
Нит “CH, H'51 “OH 


CH5CHs н” C cu o H 
CHCH3 This compound is 
also a meso compound. 
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5.52 

(а) н он: H он ( Hnc : oH, (© нз 

E `c | ox He Sun plane of i : OH 
H H2CH H zz - 
ren 20 25 3 symmetry ? 
| | H 
| | H3C д 
plane of plane of 3 
symmetry symmetry 

5.53 Both of the diastereomers shown below are meso compounds with three chirality centers. 

Each is a meso compound because it has a symmetry plane, and in each structure the 

central carbon is bonded to four different groups (a group with R configuration, a group 

with S configuration, -OH, and —H). 

CH3 Оз 
'S S 
H ee “OH H ui ОН 
----- +=б-чөн-- SHOR ters 
R R 
H ”С -4O0H H =C ОН 
СНз СНз 
5.54 (a)(c) 
HH H OH H i H 
оо, CRM CHO 
HO LU ' L 
HO H HO H H OH H он 
Ribose Enantiomer of ribose 


Ribose has three chirality centers, which give rise to eight (2°) stereoisomers. 
(d) Ribose has six diastereomers. 


H HO H 


Keon 


HO H H OH 


HH H OH 
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5.55 BRibitol is an optically inactive meso compound. Catalytic hydrogenation converts the 
aldehyde functional group into a hydroxyl group and makes the two halves of ribitol mirror 
images of each other. 


| plane of symmetry 


HH H OH H 'OH 
CHO Ho HOH5C CHOH 
HO Pt catal 
1 2 yst x | 4 
HO H HO H HO H:HO H 
1 
Ribose Ribitol 
Prochirality 
5.56 
(a) pro-S pro-R (D  pro-S pro-R (C) pro-S pro-R 
H H 
COH CH3S 
HOC í 
HO H H HHNH H3N H 
pro-R N З 2i 
Malic acid Methionine Cysteine 
5.57 
(а) Re face (b) Si face 
A 
Pyruvate Si face Crotonate Re face 


5.58 Remember that each sp? carbon has a Re face and a Si face. 


Si p Re а 


HaC sA H*  (S)-3-Hydroxybutyrate 


Re |. Si face 


OH 
s | 


Zo 
ЕСУ if Тонус; 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


106 Chapter 5 


5.59 Ifyou perform the “replacement test" to assign pro-R/pro-S prochirality, you will see that 
the right “arm” of citrate is pro-R and the product pictured on the right is formed. The pro- 


S arm is unchanged. 


HO CO; СО; 
2050 р a со ——> -oc "uw GOs 
— 
pro-S pro-R 
5.60 
pro-S SC 
men ATP ADP meen 
HO C «Н LZA Hom Сан 
І I 
СНОН СН2ОРОз 27 
i 
pro-R Glycerol Glycerol phosphate 
5.61 
HQ H © H О 
VEO owe a 
NS 
нс“ ^K `“5АСР m нс ЗС USAGE 
pro-R —H H «— pro-S H 
(R)-3-Hydroxybutyryl ACP trans-Crotonyl ACP 


The reaction removes the pro-R hydrogen. 


General Problems 


HS, H HOG 
NES e d B Sa "E E 
H C 


Нос А CO2H HOC B H COH 
C1S 
meso 


5.62 


trans 


B and C are enantiomers and are optically active. Compound A is their diastereomer and is 
a meso compound, which is not optically active. 


The two isomeric cyclobutane-1,3-dicarboxylic acids are achiral and are optically 
inactive. 


нос 


trans 
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5.63 
С ls 
нос" ^ —CHSH HoN--7° 7 CH2SH 
HN COH 
5.64 
H H H H 
MES. is sf 
НМ 7" "CH aSH HSCH; V COH HoN^^4^7—CH,S—SCH; vw COH 
CO?H NH2 COH NH» 
Cystine has the (5,5) configuration and is optically active. 
5.65 
H B (b) 
XS S AR 
EX Со» dh do des 
Br H H OHH OH 
(2S,3R)-2,3-Dibromopentane meso-3,5-Heptanediol 


5.66 All chirality centers of Cephalexin have an (R) configuration. 


HoN H ar 
íR N l 
р ore Cephalexin 
COH 
5.67 
H OH 
HOH 
ВМР Chloramphenicol 
H NHCOCHCI, 
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5.68 


5.69 


5.70 


Chapter 5 


Mycomycin contains no chiral carbon atoms, yet is chiral. To see why, make a model of 
mycomycin. For simplicity, call -CH=CHCH=CHCH,CO>H "A" and -C=CC=CH "В". 
The carbon atoms of an allene have a linear relationship and that the л bonds formed are 
perpendicular to each other. Attach substituents at the sp^ carbons. 


у CAEN ж 
JO T 


Notice that the substituents A, Ha, and all carbon atoms lie in a plane that is perpendicular 
to the plane that contains B, Hy, and all carbon atoms. 


NOS. p aves 2 
FAL) Ha BAN x 


Now, make another model identical to the first, except for an exchange of A and Ha. This 
new allene is not superimposable on the original allene. The two allenes are enantiomers 
and are chiral because they possess no plane of symmetry. 


4-Methylcyclohexylideneacetic acid is chiral for the same reason that mycomycin (Problem 
5.68) is chiral: It possesses no plane of symmetry and is not superimposable on its mirror 
image. As in the case of allenes, the two groups at one end of the molecule lie in a plane 
perpendicular to the plane that contains the two groups at the other end. 


CO2H СОН 
HaC- с H- f 
377 C=C Б C=C 
H ү? H3C n 
(a) 
Aa D Je Ee 
cS n 5 + ся + Bt uo e А 
H^. C^. У МС products 
CHCI CH2CH3 "dh Cl ` CH5CH5CI CHCI CH2CH3 снсн, * CHCl 
(S)-1-Chloro- (S)-1,4-Dichloro- (R)-1,2-Dichloro- (S)-1,2-Dichloro- 
2-methylbutane 2-methylbutane 2-methylbutane 2-methylbutane 
V 
us 
1:1 mixture 


(b) Chlorination at carbon 4 yields an optically active product because the chirality center at 
C2 is not affected. Chlorination at carbon 2 yields an optically inactive racemic product. 
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5.72 


5.73 
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CH3 CH3 CH3 CH3 
H=C —Br H=C—=Br H=C——=Br Bre C aH 
H»-C -C| Gic Coah CI = C а H Н = C -a C| 
н” с Br н Сави Вга C =H H= CBr 

CH3 CH3 CH3 CH3 

A B [e D 


There are four stereoisomers of 2,4-dibromo-3-chloropentane. C and D are enantiomers 
and are optically active. A and B are optically inactive meso compounds and are 
diastereomers. 


CH3 H 
H CH3 
НЗС H3C 
H H 


cis-1,4-Dimethylcyclohexane trans-1,4-Dimethylcyclohexane 


(a) There is only one stereoisomer of each of the 1,4-dimethylcyclohexanes. 
(b) Neither 1,4-dimethylcyclohexane is chiral. 
(c) The two 1,4-dimethylcyclohexanes are diastereomers. 


H H сну 
н CH H 
CH3 CH3 H 
HaC H HC 


cis-1,3-Dimethylcyclohexane trans-1,3-Dimethylcyclohexane 


(a) There is one stereoisomer of cis-1,3-dimethylcyclohexane, and there are two 
stereoisomers of trans-1,3-dimethylcyclohexane. 

(b) cis-1,3-Dimethylcyclohexane is an achiral meso compound; trans-1,3- 
dimethylcyclohexane exists as a pair of chiral enantiomers. 

(c) The two trans stereoisomers are enantiomers, and both are diastereomers of the cis 
stereoisomer. 
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CH3 
ring 
a flip 
H 


cis-1,2- nore 


5.74 


The two cis-1,2-dimethylcyclohexane enantiomers rapidly interconvert by a ring flip, 
leading to an optically inactive 1:1 mixture. 
5.75 
CH5CHs CH5CHs 
HS: L4 77 c Sa S R Р 


TG = S uc + Br 
H H 

H3C 

The product is (R)-2-butanethiol. 


5.76 The reaction proceeds by addition of acetylide anion to the carbonyl group and occurs with 
equal probability from either face of the planar ketone carbon. 


: n E à 
H3O 
ee —— : 
НзС“ 4 ` CHCH H34C' 4 ` CHCH 
LI LI C 
:О: Ill II 
Il HC HC 
ZN 
H3C CH5CHs "EE 
а + a 
-:C=cH H3O 
:C——CH 3 ) 
= c eon CH 4S 
Zz oU Hs poen CHCH 
HC H4C HC H4C S 


(a) The product is an optically inactive racemic mixture. 


(b) The two enantiomers are formed in a 50:50 ratio. 
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5.77 
CH CH CH 
HY з Р 1-ма':с=сн E E ond SY T S 
С=С — c—cH + c—cs 
RN, 2.H30 R Ан R AOON 
C н SCH 
\\\ 
CH 
(3RAR)-4-Phenyl- (3S,4R)-4-Phenyl- 
1-pentyn-3-ol 1-pentyn-3-ol 


(a) Reaction of sodium acetylide with a chiral aldehyde yields chiral products; the product 
mixture is optically active. 

(b) The two products аге a mixture of the (3R,4R) and (3S,4R) diastereomers of 4-phenyl- 
1-pentyn-3-ol. The product ratio can't be predicted, but it is not 50:50. 
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Review Unit 2: Alkanes and Stereochemistry 


Major Topics Covered (with Vocabulary): 
Functional Groups. 


Alkanes: 

saturated aliphatic straight-chain alkane branched-chain alkane isomer constitutional isomer 
alkyl group primary, secondary, tertiary, quaternary carbon IUPAC system of nomenclature 
primary, secondary, tertiary hydrogen paraffin cycloalkane cis-trans isomer  stereoisomer 


Alkane Stereochemistry: 

conformer sawhorse representation Newman projection staggered conformation 

eclipsed conformation torsionalstrain dihedral angle anti conformation gauche conformation 
steric strain angle strain heat of combustion chair conformation axial group equatorial group 
ring-flip 1,3-diaxial interaction conformational analysis boat conformation twist-boat 
conformation polycyclic molecules bicycloalkane 


Handedness: 
stereoisomer enantiomer chiral plane of symmetry achiral chirality center 
plane-polarized light optical activity levorotatory dextrorotatory specific rotation 


Stereoisomers and configuration: 
configuration Cahn-Ingold-Prelog rules absolute configuration diastereomer meso compound 
racemate resolution prochirality Re face Siface prochirality center pro-R pro-S 


Types of Problems: 
After studying these chapters, you should be able to: 


— Identify functional groups, and draw molecules containing a given functional group. 
— Draw all isomers of a given molecular formula. 

— Name and draw alkanes and alkyl groups. 

— Identify carbons and hydrogens as being primary, secondary or tertiary. 

— Draw energy vs. angle of rotation graphs for single bond conformations. 

— Draw Newman projections of bond conformations and predict their relative stability. 


— Understand the geometry of, and predict the stability of, cycloalkanes having fewer than 6 
carbons. 

— Draw and name substituted cyclohexanes, indicating cis/trans geometry. 

— Predict the stability of substituted cyclohexanes by estimating steric interactions. 


— Calculate the specific rotation of an optically active compound. 

— Locate chirality centers, assign priorities to substituents, and assign R,S designations to 
chirality centers. 

— Given a stereoisomer, draw its enantiomer and/or diastereomers. 

— Locate the symmetry plane of a meso compound. 

— Assign Pro-R and Pro-S designations to prochiral groups. 

— Identify the face of an sp?-hybridized carbon as pro-R or pro-S. 
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Points to Remember: 


* 


In identifying the functional groups in a compound, some groups have different designations 
that depend on the number and importance of other groups in the molecule. For example, a 
compound containing an —OH group and few other groups is probably named as an alcohol, 
but when several other groups are present , the -OH group is referred to as a hydroxyl 
group. There is a priority list of functional groups in the Appendix of the textbook, and this 
priority order will become more apparent as you progress through the text. 


It is surprising how many errors can be made in naming compounds as simple as alkanes. 
Why is this? Often the problem is a result of just not paying attention. It is very easy to 
undercount or overcount the -CH»- groups in a chain and to misnumber substituents. Let's 
work through a problem, using the rules in Section 3.4. 


СНз CHyCHs 
CHSCCHCHCH;CHs 
CH3 


Find the longest chain. In the above compound, the longest chain is a hexane (Try all 
possibilities; there are two different six-carbon chains in the compound.) Identify the 
substituents. The compound has two methyl groups and an ethyl group. It's a good idea to 
list these groups to keep track of them. Number the chain and the groups. Try both possible 
sets of numbers, and see which results in the lower combination of numbers. The compound 
might be named either as a 2,2,4-trisubstituted hexane or a 3,5,5-trisubstituted hexane, but 
the first name has a lower combination of numbers. Name the compound, remembering the 
prefix di- and remembering to list substituents in alphabetical order. The correct name for the 
above compound is 4-ethyl-2,2-dimethylhexane. 

The acronym FINN (from the first letters of each step listed above) may be helpful. 


When performing a ring-flip on a cyclohexane ring, keep track of the positions on the ring. 


X . 
ring- 
x NOT 1 flip 
We oe = ; 


1 


A helpful strategy for assigning R,S designations: Using models, build two enantiomers by 
adding four groups to each of two tetrahedral carbons. Number the groups 1—4, to represent 
priorities of groups at a tetrahedral carbon, and assign a configuration to each carbon. Attach 
a label that indicates the configuration of each enantiomer. Keep these two enantiomers, and 
use them to check your answer every time that you need to assign R,S configurations to a 
chiral atom. 


When assigning pro-R or pro-S designations to a hydrogen, mentally replace the hydrogen 
that points out of the plane of the page. The other hydrogen is then positioned for prochirality 
assignment without manipulating the molecule. If the designation is R, the replaced hydrogen 
is pro-R; if the designation is S, the replaced hydrogen is pro-S. 
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Self-test 


CHa CH(CHa)2 СНз CH 
CHSCHCH;CH;CCH;CHCH;CHs CH3CHCH5CH5CH2CHNHCH(CHs)o 
A СНз CH5CHs B 


Metron S (an antihistamine) 


Name A, and identify carbons as primary, secondary, tertiary or quaternary. 


B is an amine with two alkyl substituents. Name these groups and identify alkyl hydrogens as 
primary, secondary or tertiary. 


СНз CH39 
v "II 
CHCOCH CH3 
n 
CCH20CH3 НЗС "Br 
C CH3 O Metalaxyl (a fungicide) D 


Identify all functional groups of C (metalaxyl). 


Name D and indicate the cis/trans relationship of the substituents. Draw both possible chair 
conformations, and calculate the energy difference between them. 


сн» 0 
CH 
O HO;CH > 
М СНСН(СНз)2 
d HO | 
85 
Ubenimex Epiandosterone 
(an antitumor drug) (an androgen) 


Assign R,S designations to the chiral carbons in E. Label the circled hydrogen as pro-R or 
pro-S. Indicate the chirality centers in F. How many stereoisomers of Е are possible? 
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Multiple Choice 


l. 


10. 


Which of the following functional groups doesn't contain a carbonyl group? 
(a) aldehyde (b)ester (c)ether (d)ketone 


Which of the following compounds contains primary, secondary, tertiary and quaternary 
carbons? 

(a) 2,2,4-Trimethylhexane (b) Ethylcyclohexane (c) 2-Methyl-4-ethylcyclohexane 

(d) 2,2-Dimethylcyclohexane 


How many isomers of the formula C4HgBr» are there? 
(a)4 (b)6 (c)8 (d)9 


The lowest energy conformation of 2-methylbutane occurs: 
(a) when all methyl groups are anti (b) when all methyl groups are gauche 
(c) when two methyl groups are anti (d) when two methyl groups are eclipsed 


The strain in a cyclopentane ring is due to: 
(a) angle strain (b) torsional strain (c) steric stain (d) angle strain and torsional strain 


In which molecule do the substituents in the more stable conformation have a diequatorial 
relationship? 

(a) cis-1,2 disubstituted (b) cis-1,3 disubstituted (c) trans-1,3-disubstituted 

(d) cis-1,4 disubstituted 


Which group is of lower priority than -CH=CH?? 

(a) -CH(CH3)2 (b) -CH=C(CH3)2 (c)-C=CH (а) —C(CH3)3 

A meso compound and a racemate are identical in all respects except: 

(a) molecular formula (b) degree of rotation of plane-polarized light 
(c) connectivity of atoms (d) physical properties 


Which of the following projections represents an R enantiomer? 


® соң Og Cree @ др 
2С. НзС с «СОН Н с — СНз Н с Вг 
H307 | ^H | | 
Вг H Br COH 


How many prochirality centers does 1-bromobutane have? 
(a)none (b)1 (c)2 (d)3 
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Chapter 6 — An Overview of Organic Reactions 


Chapter Outline 


I. Organic Reactions (Sections 6.1—6.6). 
A. Kinds of organic reactions (Section 6.1). 
1. Addition reactions occur when two reactants add to form one product, with no 
atoms left over. 
2. Elimination reactions occur when a single reactant splits into two products. 
3. Substitution reactions occur when two reactants exchange parts to yield two new 
products. 
4. Rearrangement reactions occur when a single product undergoes a rearrangement of 
bonds to yield an isomeric product. 
B. Reaction mechanisms - general information (Section 6.2). 
1. A reaction mechanism describes the bonds broken and formed in a chemical 
reaction, and accounts for all reactants and products. 
2. Bond breaking and formation in chemical reactions. 
a. Bond breaking is symmetrical (homolytic) if one electron remains with each 
fragment. 
b. Bond breaking is unsymmetrical (heterolytic) if both electrons remain with one 
fragment and the other fragment has a vacant orbital. 
c. Bond formation is symmetrical if one electron in a covalent bond comes from 
each reactant. 
d. Bond formation is unsymmetrical if both electrons in a covalent bond come 
from one reactant. 
3. Types of reactions. 
a. Radicalreactions involve symmetrical bond breaking and bond formation. 
b. Polar reactions involve unsymmetrical bond breaking and bond formation. 
c. Pericyclic reactions will be studied later. 
C. Radical reactions (Section 6.3). 
1. Radicals are highly reactive because they contain an atom with an unpaired electron. 
2. А substitution reaction occurs when a radical abstracts an atom and a bonding 
electron from another molecule. 
3. An addition reaction occurs when a radical adds to a double bond. 
4. Steps in a radical reaction. 
a. The initiation step produces radicals by the symmetrical cleavage of a bond. 
b. The propagation steps occur when a radical abstracts an atom to produce a 
new radical and a stable molecule. 
i. This sequence of steps is a chain reaction. 
c. Atermination step occurs when two radicals combine. 
5. In radical reactions, all bonds are broken and formed by reactions of species with 
odd numbers of electrons. 
D. Polar reactions (Sections 6.4—6.6). 
1. Characteristics of polar reactions (Section 6.4). 
a. Polar reactions occur as a result of differences in bond polarities within 
molecules. 
b. These polarities are usually due to electronegativity differences between atoms. 
i. Differences may also be due to interactions of functional groups with 
solvents, as well as with Lewis acids or bases. 


ii. Some bonds in which one atom is polarizable may also behave as polar 
bonds. 
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c. In polar reactions, electron-rich sites in one molecule react with electron-poor 
sites in another molecule. 
d. The movement of an electron pair in a polar reaction is shown by a curved, full- 
headed arrow. 
i. Anelectron pair moves from an atom at the tail of the arrow to a second 
atom at the head of the arrow. 
e. The reacting species: 
i. Anucleophile is a compound with an electron-rich atom. 
ii. An electrophile is a compound with an electron-poor atom. 
iii. Some compounds can behave as both nucleophiles and as electrophiles 
f. Many polar reactions can be explained in terms of acid-base reactions. 
2. Anexample of a polar reaction: addition of HBr to ethylene (Section 6.5). 
a. This reaction is known as an electrophilic addition. 
b. The zelectrons in ethylene behave as a nucleophile. 
c. The reaction begins by the attack of the л electrons on the electrophile Н“. 
d. The resulting intermediate carbocation reacts with Вг to form bromoethane. 
3. Rules for using curved arrows in polar reaction mechanisms (Section 6.6). 
a. Electrons must move from a nucleophilic source to an electrophilic sink. 
b. The nucleophile can be either negatively charged or neutral. 
c. The electrophile can be either positively charged or neutral. 
d. The octet rule must be followed. 
II. Describing a reaction (Sections 6.7—6.10). 
A. Equilibria, rates, and energy changes (Section 6.7). 
1. All chemical reactions are equilibria that can be expressed by an equilibrium 
constant Keq that shows the ratio of products to reactants. 
a. If Keg > 1, [products] > [reactants]. 
b. If Кед < 1, [reactants] > [products]. 
2. Fora reaction to proceed as written, the energy of the products must be lower than 
the energy of the reactants. 
a. The energy change that occurs during a reaction is described by AG?, the Gibbs 
free-energy change. 
b. Favorable reactions have negative AG? and are exergonic. 
Unfavorable reactions have positive AG? and are endergonic. 
. AG? = -RT In Keg. 
3. AG? is composed of two terms — АН°, and AS°, which is temperature-dependent. 
a. AH? is a measure of the change in total bonding energy during a reaction. 
1. If AH® is negative, a reaction is exothermic. 
ii. If AH? is positive, a reaction is endothermic. 
b. AS? (entropy) is a measure of the freedom of motion of a reaction. 
1. А reaction that produces two product molecules from one reactant molecule 
has positive entropy. 
ii. A reaction that produces one product molecule from two reactant molecules 
has negative entropy. 
с. АС? = АН° – Т А5. 
4. None of these expressions predict ће rate of a reaction. 
B. Bond dissociation energies (Section 6.8). 
1. The bond dissociation energy (D) measures the heat needed to break a bond to 
produce two radical fragments. 
2. Each bond has a characteristic strength. 
3. [n exothermic reactions, the bonds formed are stronger than the bonds broken. 


2. о 
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C. Energy diagrams and transition states (Section 6.9). 
1. Reaction energy diagrams show the energy changes that occur during a reaction. 
a. The vertical axis represents energy changes, and the horizontal axis (reaction 
coordinate) represents the progress of a reaction. 
2. The transition state is the highest-energy species in this reaction. 
a. Itis possible for a reaction to have more than one transition state. 
b. The difference in energy between the reactants and the transition state is the 
energy of Bean on АС". 
c. Values of AG* range from 40 — 150 kJ/mol. 
3. After reaching the transition state, the reaction can go on to form products or can 
revert to starting material. 
4. Every reaction has its own energy profile. 
D. Intermediates (Section 6.10). 
1. Ina reaction of at least two steps, an intermediate is the species that lies at the 
energy minimum between two transition states. 
2. Even though an intermediate lies at an energy minimum between two transition 
states, it is a high-energy species and usually can't be isolated. 
3. Each step of a reaction has its own AG* and AG?, but the total reaction has an 
overall AG”. 
4. Biological о take place in several small steps, each of which has a small 
value of AG*. 
III. A Comparison of biological and laboratory reactions (Section 6.11). 
A. Laboratory reactions are carried out in organic solvents; biological reactions occur in 
aqueous medium. 
B. Laboratory reactions take place over a wide variety of temperatures; biological reactions 
take place at the temperature of the organism, usually within narrow limits. 
C. Laboratory reactions are uncatalyzed, or use simple catalysts; biological reactions are 
enzyme-catalyzed. 
D. Laboratory reagents are usually small and simple; biological reactions involve large, 
complex coenzymes. 
E. Biological reactions have high specificity for substrate, whereas laboratory reactions are 
relatively nonspecific. 


Solutions to Problems 


6.1 
(a) CHBr + KOH — ——» CH4OH + KBr substitution 


(b) 
СНзСН2Вг — ——» HC=CH + HBr elimination 


(c) 
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6.2 
CH3 Gis 
CH3CH5CH5CHCH5CI T БЕЗНЕН eta T 
Cl 


1-Chloro-2-methylpentane 2-Chloro-2-methylpentane 


[is Clo Te з 
CHSCHGCHQCHCHs -> — CHsCH2CHCHCHs + CHSCHCH;CHCHs 
Cl Cl 
2-Methylpentane 3-Chloro-2-methylpentane 2-Chloro-4-methylpentane 
lis 
CICH;CH5CH5CHCHs 


1-Chloro-4-methylpentane 


6.3 Еҹеп though this molecule is complex, concentrate on the bonds formed and the bonds 
broken. The tails of the arrows show the location of the bond to be broken, and the heads 
show where the electrons are moving. In radical reactions, the arrow is a fishhook (half- 
headed). 


The reaction is a radical addition to a double bond and is a rearrangement. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


120 Chapter 6 


6.4 Keep in mind: 
(1) An electrophile is electron-poor, either because it is positively charged, because it has a 
functional group that is positively polarized, or because it has a vacant orbital. 
(2) A nucleophile is electron-rich, either because it has a negative charge, because it has a 
functional group containing a lone electron pair, or because it has a functional group that is 
negatively polarized. 
(3) Some molecules can act as both nucleophiles and electrophiles, depending on the 
reaction conditions. 


(a) The electron-poor carbon acts as an electrophile. 

(b) СНз8 is a nucleophile because of the sulfur lone-pair electrons and because it is 
negatively charged. 

(c) C4H&No is a nucleophile because of the lone-pair electrons of nitrogen. (Only one of 
the nitrogens is nucleophilic, for reasons that will be explained in a later chapter.) 

(d) CH3CHO is both a nucleophile and an electrophile because of its polar C=O bond. 


(a) Be cube (D Е = 
HgC—Cl: «<— nucleophilic H3C—S: 
electrophilic nucleophilic 
P T. & leophili 
PI ise nucleophilic 
C.-—- electrophilic 
— И У М 
nucleophilic H3C à. H 


6.5 BF3is likely to be an electrophile because the electrostatic potential map indicates that it is 
electron-poor (blue). The electron-dot structure shows that BF3 lacks a complete electron 
octet and can accept an electron pair from a nucleophile. 


:Е:В:Е: vacant orbital 


мо 
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6.6 | Reaction of cyclohexene with НСІ or HBr is an electrophilic addition reaction in which a 
halogen acid adds to a double bond to produce a haloalkane. 


Br 
+ H —Br —- CX Bromocyclohexane 
H 
CI 
+ H—Cl —- ai Chlorocyclohexane 
H 


6.7 Тһе mechanism is pictured in Figure 6.3. The steps: (1) Attack of the x electrons of the 
double bond on HBr, forming a carbocation; (2) Formation of a C-Br bond by electron 
pair donation from Вг to form the neutral addition product. 


H —Br : Br: 
H | Br 
НЗС. EO Н НЗС. + / | 
(1) H | (2) НЗС 
carbocation 2-Bromo-2-methylpropane 


6.8 For curved arrow problems, follow these steps: 
(1) Locate the bonding changes. In (a), a bond from nitrogen to chlorine has formed, and a 
Cl Cl bond has broken. 
(2) Identify the nucleophile and electrophile (in (a), the nucleophile is ammonia and the 
electrophile is one Cl in the Cl? molecule), and draw a curved arrow whose tail is near the 
nucleophile and whose head is near the electrophile. 
(3) Check to see that all bonding changes are accounted for. In (a), we must draw a second 
arrow to show the unsymmetrical bond-breaking of Cl» to form СГ. 


(a) ди» 
СІ: 
ZN " | Те 
H—N—H + 20—00 ——=  H-N-H + igi 
H H 


(b) ы 


H3C—O: + H—C—Br: — H3C — O— СНз + ‘Br: 


| 

К 

А bond has formed between oxygen and the carbon of bromomethane. The bond between 
carbon and bromine has broken. CH3O is the nucleophile and bromomethane is the 


electrophile. 
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(c) а 
:O: :0: 
СЫ [ 
с C “Cl. 
Tos å i 
A double bond has formed between oxygen and carbon, and a carbon-chlorine bond has 
broken. Electrons move from oxygen to form the double bond and from carbon to 


chlorine. 


6.9 This mechanism will be studied in a later chapter. 


H 
| 
:О 
Шашы : 
UN ед» Hot 002 р 
Cn ooy Х\ 
Оос—Снд `СО» H H 
H 
/ 
H—O: 
RM 
H 


6.10 A negative value of AG? indicates that a reaction is favorable. Thus, a reaction with AG? — 
—44 kJ/mol is more favorable than a reaction with AG? = +44 kJ/mol. 


6.11 From the expression AG? =—RT In Keg, we can see that a large Keq is related to a large 
negative AG? and a favorable reaction. Consequently, a reaction with Keg = 1000 is more 
exergonic than a reaction with Keq = 0.001. 


6.12 A reaction with ЛС = 45 kJ/mol is faster than a reaction with АС̧ = 70 kJ/mol because a 
larger value for AG* indicates a slower reaction. 


6.13 
Intermediate 
Tau | TNT Overall 
АС АС 

| Reactant Л 

АС? 
> 
у 
= 
ка 

Product 


Reaction progress. ———— —— —» 
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Visualizing Chemistry 


6.14 
CH34CH5CH5CH —CHo + HBr ia 
oe CH3CH2CH2CHCH3 
CH34CH5CH —CHCH3 + HBr 
6.15 


J. SH —Br: 
Сн, (A _ 
:Вг: Ў сн; Вг сн, 


Dn ——- 
H —Br 


6.16 (a) The electrostatic potential map shows that the formaldehyde oxygen is electron-rich, 
and the carbon-oxygen bond is polarized. The carbon atom is thus relatively electron-poor 


and is likely to be electrophilic. 
(b) The sulfur atom is more electron-rich than the other atoms of methanethiol and is likely 


to be nucleophilic. 


6.17 
Transition Transition 
state 1 4 State 2 
Intermediate 
| Products 
2 | AG? (positive) 
— 


Reactants 


Reaction progress 


(a) AG? is positive. 
(b) There are two steps in the reaction. 
(c) There are two transition states, as indicated on the diagram. 
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6.18 


Reaction progress. — — — — 


(a) The reaction involves four steps, noted above. 

(b) Step 1 is the most exergonic because the energy difference between reactant and 
product (AG?) is greatest. 

(c) Step 2 is slowest because it has the largest value of АС. 


Additional Problems 


Polar Reactions 


6.19 
(a) (b) " (c) 
z S 8- 
ò+ ô- d+. OL ô+ ketone ester 
CH3CCH2C X OCH3 
nitrile ether ô 04 6- 
(d) carbon-carbon (e) (f) 
eas 8-0 6-0 5-0 
rs Ot // -— ketone | | 
{ чуё M е: Зя aldehyde 
pU ALS 
m amide 
carbon-carbon = созчу 
б-О ketone double bond aromatic ring 


6.20 (a) The reaction between bromoethane and sodium cyanide is a substitution because two 
reagents exchange parts. 
(b) This reaction is an elimination because two products (cyclohexene and H20) are 
produced from one reactant 
(c) Two reactants form one product in this addition reaction. 
(d) This is a substitution reaction. 
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6.21 ecelectrophilic site п = nucleophilic site 


(a) (b) 


n 


CH3 OH 


e 
CH3 a { 
NHCH3 


| 
Н / 
™ = 1 н CH, 


Amphetamine 


H D Yar D 
a H x 
Cea: =” Cr H—Cl 
H H 


OH 


6.22 


6.23 


(a) K NIOH 


aug a 
_cly =” LC. + њо + ‘OCH, 
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Radical Reactions 


6.24 


6.25 


6.26 


Irradiation initiates the chlorination reaction by producing chlorine radicals. For every 
chlorine radical consumed in the propagation steps, a new СІ: radical is formed to carry on 
the reaction. After irradiation stops, chlorine radicals are still present to carry on the 
propagation steps, but, as time goes on, radicals combine in termination reactions that 
remove them from the reaction mixture. Because the number of radicals decreases, fewer 
propagation cycles occur, and the reaction gradually slows down and stops. 


a b c b a 
Pentane has three types of hydrogen atoms, CH3CH2CH2CH2CH3. Although 
monochlorination produces CH3CH2CH2CH2CH2Cl, it is not possible to avoid producing 
CH3CH?CH?CH(CI)CH5 and CH3CH2CH(Cl1)CH2CHs3 as well. Since neopentane has 
only one type of hydrogen, monochlorination yields a single product. 


The following compounds yield single monohalogenation products because each has only 
one kind of hydrogen atom. 
(a) (c) (e) (f) CH3 
CH3CH3 CH3C=CCH, НС CH3 
H3C CH3 
CH3 


Energy Diagrams and Reaction Mechanisms 


6.27 


6.28 


A transition state represents a structure occurring at an energy maximum. An intermediate 
occurs at an energy minimum between two transition states. Even though an intermediate 
may be of such high energy that it cannot be isolated, it is still of lower energy than the 


transition states surrounding it. 


Transition state 


Energy — > 


Reactants 


Reaction progress 
AG? is positive because Keq < 1. 
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6.29 
Transition 
state 1 D 
Transition 
: | sels Sug y Intermediate | DOR state 2 
| AGES cow сМ 
a Reactants 
20 
= 
ШУ ||| талса аы дышанын ires gpa елы AE UNI 
Products 
Reaction progress > 
AG? is negative because Keg > 1. 
6.30 Problem 6.29 shows a reaction energy diagram of a two-step exergonic reaction. Step 2 is 
faster than step 1 because АС < АС. 
6.31 
Transition 
state 
5) 
D 
= B 
m | Reactants Products 
Reaction progress > 
A reaction with Keq = 1 has AG? = 0. 
6.32 (а) The reaction is exothermic because the sign of AH’ is negative. 
(b) AG? = AH? — TAS? 
= —44 kJ/mol — (298 К) [-0.12 kJ/(K-mol)] 
= —44 kJ/mol + 36 kJ/mol 
=-8 kJ/mol 


The reaction is favorable because the sign of AG? is negative. 
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6.33 
(а) к = [Products] _ 070 _ 2. 
ed ^ [Reactant] ^ 0.30 ~~ 
(b) Section 6.9 states that reactions that occur spontaneously have AG* of less than 80 
kJ/mol at room temperature. Since this reaction proceeds slowly at room temperature, 
AG* is probably close to 80 kJ/mol. 
(c) 
Transition intermediate ^ Transition 
| state 1 x | state 2 
АС 2 ; 
= 80 kJ/mol It is not possible to 
determine the energy 
E of the intermediate. 
к 
© 
= 
z reactant = AG... 
Terra Seem pe vr Oe grt els product 
Reaction progress ———> 
6.34 
|o H>H ES | i 
СНз Q Сн СНз 
E H |== H + н? 
CH CH CH 
T 3 Н 3 ü 3 
H он - H 
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6.35 
] + 
H3C—C—Cl = MES + oL Bae == Os => H3C—C—O—-H 
CH3 T.S. 1 CH, T.S. 2 СНз Н | T.S. 3 СНз + СГ 
Intermediate 1 Intermediate 2 
(a) AG? for the first step is approximately 80 kJ/mol because the reaction takes place 
slowly at room temperature. AG* values for the second and third steps are smaller - 
perhaps 60 kJ/mol for Step 2, and 40 kJ/mol for Step 3. AG? is approximately zero 
because Keg is close to 1. 
(b) 
5) 
D 
= 
m reactants products 
Reaction progress. ————> 
6.36 
Н 5H 
О = 
ae pee А Vi 
Haec TE === ку <= шүре <= аа а 
CH3 ‚__ СНз H3C d СНз 
+ Cl: К" + НО? 
ре N 
6.37 AG? = AH? — TAS? 
= —75 kJ/mol — (298 К) (0.054 kJ/K-mol) 
=—75 kJ/mol – 16 kJ/mol 
=-91 kJ/mol 
The reaction is exothermic because АН? is negative, and it is exergonic because AG? is 
negative. 
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6.38 
HO, \ bond formed 
bond formed Hy n е H H Е 
„C—C — ——- СНОН + C=C + :В: 
H'4 \—— / \ „в 
DOUUDIDROR H (Br: bond broken H H 


6.39 Each arrow represents either the formation of a bond or the breaking of a bond. The 
numbers over the arrows identify the bonds broken and formed. 


i 
2 (è ES Ç `- 
:O: :0: 
Il y ^:NHg Step 1 | Step 2 
С — —C + —_ 
нс” “с HaC" / “мн, 
:Cl: 
Acetyl chloride 2) 
j 
: . :0: 
ll fo нь Step 3 T ГАА 
CQY — C + NH," Cl 
нұс” “мн HaC^ "NHe : 
4 С - Acetamide 
Bonds formed Bonds broken 
Step 1: C-N (1) C-O (2) 
Step 2: C-O (1) C-CI (2) 
Step 3: N-H (1) N-H (2) 
6.40 
E > = 
6 
CH3| Н” CH, CH3 
H3C 22 B l. НЗС. + 2. Haee H 
E: б ы 
CH3 CH, isomeric HC :0—н \ 
L carbocation H H 4 
intermediate | 3. 
CH3 
H3C 
= 
/ 


\ + 
нс он 2789 


a-Terpineol 
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Step 1: Attack of the double bond z electrons on the carbocation to form the isomeric 
carbocation. 

Step 2: Addition of water to the intermediate carbocation. 

Step 3: Deprotonation. 


6.41 
(a) H3C е 
+ 2А xw co Et 
n= 9 ТАТ 
R | ——>» R + СО» 
ae - ~ CH3 
3 C О 3 C 
Д. | 
(b) 
H3C Съро,2- СНз 
+ P0487 
b HoC 
——- 
d is + CO, 
О (2 OPP OPP 
© , 5 
ОзРОСН› Е -ii AR 2~O3POCH» CH3 
2 
2 АМ COs 2 NZ “м сеу 
TN N 
AUR Pd 2 
H OH H^" OH 
U + — *HBase 
CH3 CH3 
6.42 
CH CHa Hs 
H Br 
2-Methylpropene 1-Bromo-2-methylpropane 2-Bromo-2-methylpropane 
6.43 
CH3 qHa CHa 


+ 


H 


The second carbocation is more stable because more alkyl substituents are bonded to the 
positively charged carbon. 
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Chapter 7 – Alkenes: Structure and Reactivity 


Chapter Outline 


I. Introduction to alkene chemistry (Sections 7.1-7.7). 
A. Industrial preparation and use of alkenes (Section 7.1). 


1. 
2. 


Ethylene and propylene are the two most important organic chemicals produced 
industrially. 

Ethylene, propylene and butene are synthesized by thermal cracking. 

a. Thermal cracking involves homolytic breaking of C-H and C-C bonds. 

b. Thermal cracking reactions are dominated by entropy. 


B. Calculating a molecule's degree of unsaturation (Section 7.2). 


1. 
2; 


The degree of unsaturation of a molecule describes the number of multiple bonds 
and/or rings in a molecule. 

To calculate degree of unsaturation of a compound, first determine the equivalent 
hydrocarbon formula of the compound. 

a. Add the number of halogens to the number of hydrogens. 

b. Subtract one hydrogen for every nitrogen. 

c. Ignore the number of oxygens. 

Calculate the number of pairs of hydrogens that would be present in an alkane 

C, H»; + 2 that has the same number of carbons as the equivalent hydrocarbon of the 
compound of interest. The difference is the degree of unsaturation. 


C. Naming alkenes (Section 7.3). 
1. 


Э: 
6. 


Find the longest chain containing the double bond, and name it, using "ene" asa 
suffix. 
Number the carbon atoms in the chain, beginning at the end nearer the double bond. 


. Number the substituents and write the name. 


a. Name the substituents alphabetically. 
b. Indicate the position of the double bond. 
c. Use the suffixes -diene, -triene, etc. if more than one double bond is present. 


. А newer IUPAC naming system places the number locant of the double bond 


immediately before the -ene suffix (not used in this book). 

For cycloalkenes, the double bond is between C1 and C2, and substituents receive 
the lowest possible numbers. 

A —CH»- substituent is a methylene group, a H?C-CH- group is a vinyl group, 
and a H2C-CHCH»- group is an allyl group. 


D. Double bond geometry (Sections 7.4—7.5). 


р 


Electronic structure of alkenes (Section 7.4). 

a. Carbon atoms in a double bond are sp2-hybridized. 

b. The two carbons in a double bond form one o bond and one z bond. 
c. Free rotation doesn't occur around double bonds. 

d. 350 kJ/mol of energy is required to break a x bond. 


2. Cis-trans isomerism. 


3; 


a. A disubstituted alkene can have substituents either on the same side of the 
double bond (cis) or on opposite sides (trans). 

b. These isomers don't interconvert because free rotation about a double bond isn't 
possible. 

c. Cis-trans isomerism doesn't occur if one carbon in the double bond is bonded 
to identical substituents. 

E,Z isomerism (Section 7.5). 

a. The E,Z system is used to describe the arrangement of substituents around a 
double bond that can't be described by the cis-trans system. 
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b. Sequence rules for E,Z isomers: 

i. Foreach double bond carbon, rank its substituents by atomic number. 

(а). An atom with a higher atomic number receives a higher priority than an 
atom with a lower atomic number. 

li. If a decision can't be reached based on the first atom, look at the second or 
third atom until a difference is found. 

iii. Multiple-bonded atoms are equivalent to the same number of single-bonded 
atoms. 

c. Ifthe higher-ranked groups are on the same side of the double bond, the alkene 
has Z geometry. 

d. Ifthe higher-ranked groups are on opposite sides of the double bond, the alkene 
has Е geometry. 

E. E of alkenes (Section 7.6). 
. Cisalkenes are less stable than trans alkenes because of steric strain between double 
bond substituents. 
2. Stabilities of alkenes can be determined experimentally by measuring: 

a. Cis-trans equilibrium constants. 

b. Heats of hydrogenation - the most useful method. 

3. The heat of hydrogenation of a cis isomer is a larger negative number than the heat 
of hydrogenation of a trans isomer. 

a. This indicates that a cis isomer is of higher energy and is less stable than a trans 
isomer. 

4. Alkene double bonds become more stable with increasing substitution for two 
reasons: 

a. Hyperconjugation — a stabilizing interaction between the antibonding л orbital of 
the C-C bond and a filled С-Н о orbital on an adjacent substituent. 

b. More substituted double bonds have more of the stronger sp?—sp? bonds. 

П. Electrophilic addition reactions (Sections 7.7—7.11). 
A. Addition of H-X to alkenes (Sections 7.7-7.8). 
]. Mechanism of addition (Section 7.7). 

a. The electrons of the nucleophilic л bond attack ће H atom of the electrophile 
H-X (X = Cl, Br, I, OH). 

b. Two electrons from the л bond form a new o bond between —Н and an alkene 
carbon. 

c. The carbocation intermediate reacts with X^ to form а C—X bond. 

2. The energy diagram has two peaks separated by a valley (carbocation intermediate). 

a. The reaction is exergonic. 

b. The first step is slower than the second step. 

3. Organic reactions are often written in different ways to emphasize different points. 
4. Orientation of addition: Markovnikov's rule (Section 7.8). 

a. In the addition of HX to a double bond, H attaches to the carbon with fewer 
substituents, and X attaches to the carbon with more substituents 
(regiospeciific). 

b. Ifthe carbons have the same number of substituents, a mixture of products 
results. 

B. Carbocation structure and stability (Section 7.9). 
1. Carbocations are planar; the unoccupied p orbital extends above and below the 
plane containing the cation. 
2. The stability of carbocations increases with increasing substitution. 

a. Carbocation stability can be measured by studying gas-phase dissociation 
enthalpies. 

b. Carbocations can be stabilized by inductive effects of neighboring alkyl groups. 
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c. Carbocation can be stabilized by hyperconjugation: The more alkyl groups on 
the carbocation, the more opportunities there are for hyperconjugation. 


C. The Hammond postulate (Section 7.10). 


1. 


5 
а; 
4. 


The transition state for ап endergonic reaction step resembles the product of that 
step because it 1s closer in energy. 

The transition state for an exergonic reaction step resembles the reactant for that step 
because it is closer in energy. 

In an electrophilic addition reaction, the transition state for alkene protonation 
resembles the carbocation intermediate. 

More stable carbocations form faster because their transition states are also 
stabilized. 


D. Carbocation rearrangements (Section 7.11). 


1. 
2 
3. 


In some electrophilic addition reactions, products from carbocation rearrangements 
are formed. 

The appearance of these products supports the two-step electrophilic addition 
mechanism, in which an intermediate carbocation is formed. 

Intermediate carbocations can rearrange to more stable carbocations by either a 
hydride shift (H with its electron pair) or by an alkyl shift (alkyl group with its 
electron pair). 

In both cases a group moves to an adjacent positively charged carbon, taking its 
bonding electron pair with it. 


Solutions to Problems 


7.1 Because two hydrogens must be removed from a saturated compound to introduce an 
unsaturation, a compound's degree of unsaturation refers to the number of pairs of 
hydrogens by which its formula differs from that of the corresponding saturated 
compound. For example, a saturated alkane with four carbons has the formula СН о. The 
compound in (a), C4Hg, which has two fewer (or one pair fewer) hydrogens, may have a 
double bond or a ring. С Нд thus has a degree of unsaturation of 1. 


Degree of 
Compound Unsaturation Structures 
(a) C4Hg 1 CH3CH = CHCH3 CH3CH5CH = СН» (CH3)oC = СН» 
Ho PB 
(b) C4Hg 2 CH5—CHCH- CH, CH3CH=C=CH) CH3C=CCH3 


CH3CH>C=CH X] [ | 
[>— CH3 [— CH3 Г>=сњ 


(с) C3H4 2 Hoc 6-5 CHs CH3C=CH [> 
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7.2 


7.3 


7.4 
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Unlike the hydrocarbons in the previous problems, the compounds in this problem contain 
additional elements. Review the rules for these elements. 


(a) Subtract one hydrogen for each nitrogen present to find the formula of the equivalent 
hydrocarbon — C6H4. Compared to the alkane СН д, the compound of formula C6H4 
has 10 fewer hydrogens, or 5 fewer hydrogen pairs, and has a degree of unsaturation 
of 5. 

(b) C6HsNOz also has 5 degrees of unsaturation because oxygen doesn't affect the 
equivalent hydrocarbon formula of a compound. 

(c) A halogen atom is equivalent to a hydrogen atom in calculating the equivalent 
hydrocarbon formula. For CgHoCls, the equivalent hydrocarbon formula is CgH», 
and the degree of unsaturation is 3. 

(d) CoH,6Br» — one degree of unsaturation. 

(e) CioH12N203 - 6 degrees of unsaturation. 

(f) CooH3?CIN - 5 degrees of unsaturation. 


А С hydrocarbon with 11 degrees of unsaturation (three rings and eight double bonds) 
has a formula C16H34- H22 = C416H 4». Adding two hydrogens (because of the two 
nitrogens) and subtracting one hydrogen (because of the chlorine), gives the formula 
С16Н13С1М2О for Diazepam. 


Diazepam 
Cl =N 


(1) Find the longes£chain containing the double bond and name it. In (a), the longest chain 
is a pentene. 

(2) Identify the substituents. There are three methyl groups in (a). 

(3) Number the substituents, remembering that the double bond receives the lowest 
possible number. The methyl groups are attached to C3 and C4 (two methyl groups). 

(4) Name the compound, remembering to use the prefix "tri-" before "methyl" and 
remembering to use a number to signify the location of the double bond. The name of the 
compound in (a) is 3,4,4-trimethyl-1-pentene. 


n үнө uS v ra 
HoC— CHCH — CCH CH3CH3CH = CCH5CH 
1 23 4/15 3 an ES 
CH3 
3,4,4-Trimethyl-1-pentene 3-Methyl-3-hexene 
© нз нз (d) снзснснгона 
СНз СН = CHCHCH = CHCHCHS CH4CH5CH5CH = СНСНСН,СНз 


4,7-Dimethy]-2,5-octadiene 6-Ethyl-7-methyl-A-nonene 
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7.5 It's much easier to draw a structure from a given name than it is to name a structure. First, 
draw the carbon chain, placing the double bond or bonds in the designated locations. Then 
attach the cited groups in the proper positions. 


(a) сн, (b) CHCH; 
HUC CHCH;CH;C —CH, CHSCH;CH;CH— CC(CHg)g 
2-Methyl-1,5-hexadiene 3-Bthyl-2,2-dimethyl-3-heptene 

M Cs СНз o пн үз 
CHSCH —CHCH—CHC —C— CH онгон CHCHs 

CH3 Je RE 
2,3,3-Trimethyl-1,4,6-octatriene eran goeha 
CH, Сєз 
3,4-Diisopropyl-2,5-dimethyl-3-hexene 
7.6 

D, (b) s, CH ©, 

j 2 «СНз o СНз | n 
7 3 
1 6 1 СНз 1 2 Ж: 


1,2-Dimethylcyclohexene — 4,4-Dimethylcycloheptene 3-Isopropylcyclopentene 
7.7  Inthe new naming system, the bond locant appears directly before —ene or -diene. 
(a) qr vs (b) CH3 
i Nagh =CCH3 


CH3 CH3 
Old: 2,5,5-Trimethyl-2-hexene Old: 2,3-Dimethyl-1,3-cyclohexadiene 
New: 2,5,5-Trimethylhex-2-ene New: 2,2-Dimethylcyclohexa-1,3-diene 
7.8 
23 
10 
1 
9 


cis-9-Tricosene 
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7.9 Compounds (c), (e), and (f) can exist as cis-trans isomers. 


cis trans 
H H H CH3 
\ / \ / 
(c) CH3CHCH = CHCH с=с С=с, 
CH3CH» СНз CHCH H 
FE M H a 
(е) CICH=CICH C=C C=C 
/ \ / \ 
Cl Cl Cl H 
H H H Cl 
\ / \ 
(f) BrCH— CHCI C=C C=C 
/ \ / \ 
Br Cl Br H 
7.10 
(a) но оњ (b) 
CHgCHCH CH ң £H2CHs 
с=с HC с=с 
/ N | / \ 
H H CHgCHCH> H 
cis-4,5-Dimethyl-2-hexene trans-6-Methyl-3-heptene 


7.11 Review the sequence rules presented in Section 7.5. A summary: 


Rule I: An atom with a higher atomic number has priority over an atom with a lower atomic 
number. 

Rule 2: Ќ a decision can't be reached by using Rule 1, look at the second, third, or fourth 
atom away from the double-bond carbon until a decision can be made. 

Rule 3: Multiple-bonded atoms are equivalent to the same number of single-bonded atoms. 


Higher Lower Rule Higher Lower Rule 
(a) -CH3 -H 1 (b) -CI —CH5CI 1 
(c) —CH=CH) —CH;CH3Br 3 (d) —OCH3 —NHCH; 1 
(e) -CH=O —CH,0H 3 (f) -CH20 -CH2OCH; 3 
7.12 Highest priority —————— > Lowest Priority 


(а) —Cl, -OH, -CH;, -H 

(b) -CH50H, —CH=CH>, -CH5;CH;, -CH3 
(c) СОН, -CH;0H, -CsN, -CH5NH; 
(d) -СН5ОСН;, -С=М№, -С=СН, -CH;CH; 
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7.13 
(a) 
Low HaC. /СН2ОН Low 
C=C 2 
. / \ 
High CH3CH) CI High 
First, consider the substituents on the right side of the double bond. —Cl ranks higher than 
—CH20H by Rule 1 of the Cahn-Ingold-Prelog rules. On the left side of the double bond, 
—CH5CH; ranks higher than -СНз. The isomer 15 Z when the two higher priority groups 
lie on the same side of the double bond. Otherwise, the isomer is Е, 
(b) 
High Cl " CH2CH3 Low 
* = ч 
(с) 
High НЗС COH High 
e, 
Low CH2OH Low 
Notice that the upper substituent on the left side of the double bond is of higher priority 
because of the methyl group attached to the ring. 
d 
@ Low HU AN High 
C=C E 
/ \ 
High H3C СНоМН» Low 
7.14 
=== 2 
Low CHOH Low 
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7.15 
More stable Less stable 
M H CHCH 
an els \ 4 EMT 
C=C C=C 
/ N / N 
H СНз H H 
2-Methylpropene 1-Butene 
disubstituted double bond monosubstituted double bond 
H CH2CH3CH H H 
N JA RETRAS \ / 
C=C E C=C Z 
/ N / N 
НЗС H НЗС CH2CH5CH3 
trans-2-Hexene cis-2-Hexene 
no steric strain steric strain of groups on the 
same side of the double bond 
c 
(© СНз СНз 


1-Methylcyclohexene 3-Methylcyclohexene 
trisubstituted double bond disubstituted double bond 


7.16 All of these reactions are electrophilic additions of HX to an alkene. Use Markovnikov's 
rule to predict orientation. 


H 
Cl 
+ НО ск " Chlorocyclohexane 
H 


ri 


(CH3)5C = CHCH2CH3 + НВг o —— > (CH3)2CCH5CH5CH3 


(a) 


(b) 


2-Bromo-2-methylpentane 


In accordance with Markovnikov's rule, H forms a bond to the carbon with fewer 
substituents, and Br forms a bond to the carbon with more substituents. 


© о CH3 OH 
H2O | | 
H5504 
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(d) 
CH» x 
CH3 
+ НВг ——~ 


1-Bromo-1-methylcyclohexane 


7.17 Think backward in choosing the alkene starting material for synthesis of the desired 
haloalkanes. Remember that halogen is bonded to one end of the double bond and that 
more than one starting material can give rise to the desired product. 


Br 
+ HBr — dd 


Cyclopentene 


(a) 


Hs 


b 
(b) CH2CH3 
B = i 
KI CH2CH3 
or PO, 


CHCH 


| 


3-Hexene 


C 
S 
+ HCL ——> 


7.18 The more stable carbocation is formed 


(d) 


a 2а c 
(а) CH CH3 cH CH CH (9з 


carbocation intermediate Br 


KI "T I 
CHCH3 — CH2CH3 — > 
H3PO4 CH2CH3 


carbocation intermediate 
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7.19 Two representations of the secondary carbocation are shown on the left below. This 
secondary carbocation can experience hyperconjugative overlap with two hydrogens under 
normal circumstances. However, in the alignment shown in the drawing, only one 
hydrogen (circled) is in the correct position for hyperconjugative overlap with the 
carbocation carbon. 


Because there is rotation about the carbon-carbon bonds, all of the hydrogens starred in the 
representation on the far right can be involved in hyperconjugation at some time. 


H3C H3C Н НЗС H 
\ + " \ + - \ + / 
CHCHCH3 .-C- CH-C, *--C-CH-C, >» 
/ uw. MH На MH 

H3C H3C H H3C H 


7.20 The second step in the electrophilic addition of HCI to an alkene is exergonic. According to 
the Hammond postulate, the transition state should resemble the carbocation intermediate. 


Ce “Cl Transition state 


7.21 


H in me 
А Анон, КА ur Br 


—- Eo" CH5CHs | —> 
К н 22. md. E CHCH 
2-78 
Step 1: Electrophilic addition of H* to double bond. 
Step 2: Hydride shift that forms a more stable tertiary carbocation. 


Step 3: Reaction of carbocation with Br-. 
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Visualizing Chemistry 


7.22 
(a) (b) 
ENS 
2,4,5-Trimethyl-2-hexene ]-Ethyl-3,3-dimethylcyclohexene 
7.23 
(a) (b) 
: OCH : 
High Cl Low High 3 High 
— E 2 2 с2 O Z 
= | 
Low yo High Low OH Low 
H 
7.24 
CHCH 
| | Cl 
Qr LBS. =—CH CH, | —— 
CH5CH5 
CH5CHs 


Either of the two compounds shown can form the illustrated tertiary carbocation when they 
react with НСІ. In the conformation shown, the three circled hydrogens are aligned for 
maximum overlap with the vacant p orbital. Because of conformational mobility, the three 
starred hydrogens are also able to be involved in hyperconjugation. 
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.25 
р / f / / HBr Br 
or or —ъ>» 
H3C H3C H3C 


H3C 


7 


Additional Problems 


Calculating a Degree of Unsaturation 


7.26 The purpose of this problem is to give you experience in calculating the number of double 
bonds and/or rings in a formula. Additionally, you will learn to draw structures containing 
various functional groups. Remember that any formula that satisfies the rules of valency is 
acceptable. Try to identify functional groups in the structures that you draw. Many 
structures are acceptable for each part of this problem. 


(a) CioH16 — 3 degrees of unsaturation. Examples: 


CH3CH2CH = CHCH = CHCH = CHCH5CH3 


(b) CgHgO. The equivalent hydrocarbon is CgHg, which has 5 degrees of unsaturation. 


0 „— ketone Q „— aldehyde ff „— aldehyde 
( CCH3 | CHCH | СН 
. . ees 
aromatic aromatic aromatic 
ring ketone . ring ketone " ring 


“= CCH то 
d Cx 
double dms 

bonds E ou bonds 
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(c) C7H10Clz has C7H12 as its equivalent hydrocarbon formula. С7Н СІ has two 
degrees of unsaturation. 


triple double bonds 
halide —- E П H / бнз H 
N / 
CHaCHÇHCHCHC=CH чле. 
Cl = halide CH3 Cl 
uS halides т 
у bond double bond 
Ý сн 
m d 
Due Cl 
halides 
a^ halide C Cl halide Cl 


(d) CioH1602 — 3 degrees of unsaturation (СН = equivalent hydrocarbon formula). 


double bonds ester ketones 
\ \ 9 о AL A о 


alcohol ketone aldehyde puesta 


DE i 13 
HO О ee 


(e) CSH9NO; - 2 degrees of unsaturation (C5Hg = equivalent hydrocarbon formula). 


ketone amide double bond nitro 
O OQ group 
Мт 1А | 1, 7 
CH3CH»CCH»CNH> НС —CHCH4CH5CHoN —O7 
double bond carboxylic amide T wid 
О 


o /acid NH» 

| i ^ ae 

HaC — CHCHo9NHCH2COH HO amne 
A A О —— ether 


amine alcohol 
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(f) CgHj;o0CINO — 4 degrees of unsaturation (СзН уо = equivalent hydrocarbon formula). 


double bonds 5 amide double bonds ERE 
H 
Vou A й е halide 
J£ — CHCH —CHCH =снснгсмнг | 
СІ «— halide amine —»- N Cl 
H 
aromatic Hg halide — Cl double Nescius 
ring M bond 
Ta amine double ketone =>” 
| bond 2 
alcohol Cl -— halide halide —> Cl 
7.27 Compound Equivalent hydrocarbon Degree of Complete 
formula unsaturation formula 
(a) CgH?O? CgHig 3 CgH 202 
(b) C7H»N C7H16 2 C7H13N 
(c) CoH »NO CoH29 4 CoH,3NO 


7.28 Solve this problem in the same way as we solved problems 7.3 and 7.27. A C22 
hydrocarbon with 12 degrees of unsaturation (four rings and eight double bonds) has a 
formula C22H46 — Нод = C22H22. Adding two hydrogens (because of the two nitrogens) 
and subtracting one hydrogen (because of the chlorine), gives the formula C27H23CIN202 
for Loratadine. 


С CH2CH3 


Loratadine 
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Naming Alkenes 


7.29 
(a) CH3 
H JCHCH2CH3 
C=C 
/ \ 
H3C H 
(E)-A-MethyI-2-hexene 
d 
\ / 
СНз C=C 

/ \ 

НС ата H 
CH3 
(5E)-3,4-DimethyI- 
1,5-heptadiene 
7.30 
(a) п 
Н (Hec = СН» 
C=C 
/ \ 
H3C CH3 


(4E)-2,4-Dimethyl-1,4-hexadiene 


(c) 
i 
CH3CHCH =с= CHo 


4-Methyl-1,2-pentadiene 


(e) 
GPISCHOGHOGHS Н 
C=C 
/ N 
CH3CH>CH>CH> СНз 


3-Butyl-2-heptene 
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(b) СНз CH2CH3 
CHSCHCH2CH;CH ^ CH 
св 
/ \ 
НЗС H 


(Z)-4-Bthyl-3,7- 
dimethyl-2-octene 


(e) 
N / 
НС C=C 


N / 
с=с CH3 
/ N 
CH4CH5CHo СНз 


(2Z,4F)-4,5-Dimethy]- 
2,4-octadiene 


(b) 
H H 


\ / 
с=с 
/ \ 
CH4CH2 


(c) снн» 


H5C = CCH2CH3 
2-Ethyl-1-butene 


(f) 


НС = C=CHCH3 


1,2-Butadiene 


GHC(CHg)2CH= CH» 


CH5CH»CH3 


(d) 


cis-3,3-Dimethyl-4-propyl-1,5-octadiene 


(3E,5Z)-2,6-Dimethyl-1,3,5,7-octatetraene 


(f) 
(Снз)зС, 


C= e 
C(CH3)3 


/ 
H 


trans-2,2,5,5-Tetramethyl-3-hexene 


7.31 


7.32 


7.33 


7.34 


7.35 
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(b) (c) 


(a) CH3 


3-Methylcyclohexene 1,5-Dimethylcyclopentene Ethyl-1,3-cyclobutadiene 


(d) (e) (f) 
1,2-Dimethyl-1,4- 5-Methyl-1,3- 1,5-Cyclooctadiene 
cyclohexadiene cyclohexadiene 


Because the longest carbon chain contains 8 carbons and 3 double bonds, ocimene is an 
octatriene. Start numbering at the end that will give the lower number to the first double 
bond (1,3,6 is lower than 2,5,7). Number the methyl substituents and, finally, name the 
compound. 


Z BN БХ Осітепе 
(3E)-3,7-Dimethylocta-1,3,6-triene 


І І BN BN 
a-Farnesene 


(3E,6E)-3,7,11-Trimethyl-1,3,6,10-dodecatetraene 


— = Menthene 


CHgCHo СНз CHCH H 
CH4CH5CH5CH —CHo ETS £ =L. 
H H H CH3 
1-Pentene (Z)-2-Pentene (E)-2-Pentene 
ie 
CHCH H 
CHaCHo M 3 \ / Fees НЗ 
C=C C=C C=C 
/ \ / \ / \ 
H3C H H H H3C H 


2-Methyl-1-butene 3-Methyl-1-butene 2-Methyl-2-butene 
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7.36 Start with 1-hexene and continue on until all hexenes are named, making sure that E,Z 
designations have been made when necessary. Then move on to all 1-pentenes, 2-pentenes, 


etc. 


CH3CH5CH5CH5CH = CHo 


]-Hexene 


CH3CH> CHCH 
с=с 
/ X 
H H 
(Z)-3-Hexene 
li 
CHgCH)CH H 
с=с 
/ \ 
H H 
3-Methyl-1-pentene 


CHgCHp (CH 
с=с 
/ \ 
НЗС H 


(Z)-3-Methyl-2-pentene 


CHCH H 
N / 
с=с 
/ N 
H CH3 


(E)-4-Methyl-2-pentene 


CH.CHo H 
с=с 
/ \ 
CH4CH; H 


2-Ethyl-1-butene 


CH3CH2CHp „СНз 
с=с 
/ \ 
H H 
(Z)-2-Hexene 


HaCHo H 
C 3Ct ө: о 
с=с 
/ \ 
H CH5CH3 
(E)-3-Hexene 
Jil 
CHgCHCHo H 
с=с 
/ \ 
H H 
4-Methyl-1-pentene 


CHCH) H 
UL WM. 
C=C 
ge 

H3C CH3 


(E)-3-Methyl-2-pentene 


CH3 

CHCH H 
N / 
с=с 
/ N 

НЗС H 


2,3-Dimethyl-1-butene 


2,3-Dimethyl-2-butene 


CHgCH;CHo H 
C=C 
/ \ 
H CH3 
(E)-2-Hexene 


CH3CHọCH> H 
с=с 
/ N 
HaC H 
2-Methyl-1-pentene 


CH3CH CH 
3 \ 2 / 3 
с=с 
/ \ 
H CH3 
2-Methyl-2-pentene 


n 
CHCH CH 
3 \ / 3 
с=с 
/ N 
H H 


(Z)-4-Methyl-2-pentene 


D 
CH3CCH3 H 
с=с 
/ \ 
H H 


3,3-Dimethyl-1-butene 
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Alkene Isomers and Their Stability 


7.37 Highest priority — — —— —— > Lowest Priority 
(a) -I, -Br, -CH5, -H 
(b) -ОСН;, -OH, —CO,H, -H 
(c) -CO,CH3, -CO;H, -CH50H, —CH3; 
(d) -COCH;, -CH5CH50H, —CH,CH3, -CH3 
(e) -CH,Br, -CzN, -CH,NH,, -CH=CH, 
(f) -CH,OCH3, -CH20H, -СН=СН›, CH2CH3 


7.38 
Ce | (b) 
High HOCH? „СНз High Low HO2C Н Low 
e = c Z | £ = с | 7 
Low НЗС H Low High CI OCH High 
i d . 
High NC, „СНз Low High H3CO20, fH —CHe High 
e = c E £7 С. 2 
Low CH3CH9 CH2OH High Low НОЈС CHeCH3 Low 
7.39 
a 
c= c Z (correct) 
Low H Low 
(b) E ; 
Low HU /Сн2Сн —CHe2 High 
iv = X E (correct) 
High НЗС CHSCH(CHgo Low 
© — High Br CHpNH, Low 
C=C E (incorrect) 
/ \ 
Low H CHoNHCHs, High 
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d 
(@ High NC, „СНз Low 
с=с E (correct) 
/ \ 


Low (CH3)oNCHo CH2CH3 High 


© High Br, 
с=с) This compound doesn't show E-Z isomerism. 
/ 


Low H 


уш = С E (correct) 


7.40 As expected, the two trans compounds are more stable than their cis counterparts. The 
cis-trans difference is much more pronounced for the tetramethyl compound, however. 
Build a model of cis-2,2,5,5-tetramethyl-3-hexene and notice the extreme crowding of the 
methyl groups. Steric strain makes the cis isomer much less stable than the trans isomer 
and causes cis AH°hydrog to have a much larger negative value than trans AH°hydrog for the 
hexene isomers. 


—— cis isomer trans isomer 


7.41 A model of cyclohexene shows that a six-membered ring is too small to contain a trans 
double bond without causing severe strain to the ring. A ten-membered ring is flexible 
enough to accommodate either a cis or a trans double bond, although the cis isomer has less 
strain than the trans isomer. 


7.42 Build models of the two cyclooctenes and notice the large amount of torsional strain in 
trans-cyclooctene relative to cis-cyclooctene. This torsional strain, in addition to angle 
strain, causes the trans isomer to be of higher energy and to have a ЛА? ао larger than the 
АН? hydrog Of the cis isomer. 


7.43 Models show that the difference in strain between the two cyclononene isomers is smaller 
than the difference between the two cyclooctene isomers.This reduced strain is due to a 
combination of less angle strain and more puckering to relieve torsional strain and is 
reflected in the fact that the values of AH°hydrog for the two cyclononene isomers аге 
relatively close. Nevertheless, the trans isomer is still more strained than the cis isomer. 
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7.44 


ТУ СНзСца | APO 


Cl 
CH3 ДС CH2CH3 


2, ^ C 
"dins "d 
Tamoxifen Clomiphene 


Carbocations and Electrophilic Addition Reactions 


7.45 


е CH H 
: H20 Е 
29-4 


OH 


b 
e) CH5CHs 


CH2CH3 
Br 
Br 
CH3 Br CH3 CH3 
Cy HBr CY CH3 
——— t + 


The third product results from rearrangement to a more stable tertiary carbocation. 


(c) 


(d) a a 
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7.46 
(8) Br 
CH» 
CH3 
+ НВг ——- 
(b) Br 
= — (CX 
(© CH Br CH Br Hs 
CH3 
+ CH3CH2CH2CCHs 
Br 
The third product results from rearrangement to a more stable tertiary carbocation. 
7.47 
a 
(a) - os 
CHsCH>C=CHCH, + њо 29.  CH3CHCCHCH3 
catalyst | 
OH 
(b) 
CH, OH 
acid CH3 
+ НО 
catalyst 
(c) 
rac нз TH 
снұснсньсн= сн, + но 209. CH;CHCH4CHCHg 
catalyst 
7.48 
(a) " 
M em 
CH3CH5CHCHo — —Ó*  CH4CH;CHCH3 
primary carbocation secondary carbocation 


The primary carbocation rearranges to the more stable secondary carbocation by a hydride 
shift. 
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(b) H 
IY + 
SP eels с” wi NEUE 
+ 
CH3 CH3 
secondary carbocation tertiary carbocation 
This hydride shift produces a tertiary carbocation from rearrangement of a secondary 
carbocation. 
CH 
(c) СНз, 3 
CH3 
—> 
primary carbocation tertiary carbocation 


An alkyl shift forms a tertiary carbocation from a primary carbocation. In this example, 
rearrangement involves migration of the electrons from one of the cyclobutane ring bonds 


to form a cyclopentane ring. 


7.49 


Cl 


Н С: 


carbocation 


General Problems 


7.50 The central carbon of allene forms two o bonds and two x bonds. The central carbon is sp- 
hybridized, and the carbon-carbon bond angle is 180°, indicating linear geometry for the 
carbons of allene. The hydrogen atoms on one terminal =СН» units are perpendicular to the 
pair of hydrogen atoms on the other CH» group. 


к л bonds ы 


Sp - sp? 
о bond 


ns А 


л bonds 
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7.51 The heat of hydrogenation for a typical diene is 2 x (AH*hydrog of an alkene) = —252 kJ/mol. 
Thus, allene, with AH*hydrog = —295 kJ/mol is 43 kJ/mol higher in energy than a typical 
diene and is less stable. 


7.52 
trans trans 
EAE AE сон 
Retin A 
Retin A contains five carbon-carbon double bonds. Since the ring double bond can't 
isomerize, Retin A can have 24 = 16 isomers. 
7.53 
(a) (b) 
1 
2 7 
6 
2 4 3 p 
Z ZA 22 8 
1 3 5 4 5 
Fucoserraten Ectocarpene 
(3E, 5Z)-1,3,5-Octatriene 6-[C2)-1-Butenyl]-1,4-cycloheptadiene 


7.54 Treatment of the tert-butyl ester with trifluoroacetic acid cleaves the -OC(CH3)3 group and 
replaces it with an -OH group, which has a lower priority than the -OCH3 group on the 
upper carbon and the -OC(CH3)5 group that was removed. The result is a change in the 
E,Z designation around the double bond without breaking any of the bonds attached to the 
double-bond carbons. 


N NY 
Low H C—OCHs Low Low H C—OCHs High 
ND CF3COOH \ ^ 
с=с, Z DT с=с, Е 
High H3C $ — OC(CHa) High High НЗС F —OH Low 
О О 
7.55 
m ы : CH3 CH3 
н: Ф: CHs СНз 
D ———- i 
CH CH 
CH3 ? bond di CH3 j 
shift ie M 


(alkyl shift) LE 
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7.56 
CH; | 
Н —Br " 3 _ Br CH3 
b^ -|O |= YT pe 
Attack of the x electrons of the double bond on Н+ yields the carbocation pictured on the far 
right. A bond shift (alkyl shift) produces the bracketed intermediate, which reacts with Вг 
to yield 1-bromo-2-methylcyclobutane. 
7.57 (a) C27H460 5 degrees of unsaturation 
(b) Cy4Ho9Cls 8 degrees of unsaturation 
(c) Co9H3405 4 degrees of unsaturation 
(d) CsHioN402 6 degrees of unsaturation 
(e) C21H2805 8 degrees of unsaturation 
(f) Ciı7H23NO3 7 degrees of unsaturation 
7.58 The reaction is exergonic because it is spontaneous. According to the Hammond postulate, 
the transition state should resemble the isobutyl cation. 
- ji 
H 
| H H3C ~~ M 
Hc- ESCH =” HC | <= нус” С СНз 
H3C HC 
7.59 


primary transition state (higher energy) 


Pi 


secondary transition state 


+ (higher energy 
CH3CH2CH2CH2CH2 intermediate) 


AG * 


prim 


+ 
CH3CH2CH2CHCH3 


Energy ———— 


CH3CH2CH2CHo2CHoBr 


CH3CH2CH2CH=CH2 Br 


l 
CH3CH2CH2CHCH3 


Reaction progress ———» 
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7.60 


Transition State #1 


6+ 


2-Bromopentane path 


1-Bromopentane path 


Transition State #2 


The first step (carbocation formation) is endergonic for both reaction paths, and both 
transition states resemble the carbocation intermediates. Transition states for the exergonic 
second step also resemble the carbocation intermediate. Transition state #1 for 1- 
bromopentane is more like the carbocation intermediate than is transition state #1 for 2- 


bromopentane. 


7.61 


+ ОР064- 
ГҮ + 
ОР,063 7 
Mia 7 
X 
n 
2. 3. 


Limonene 


H x, /:Base| 


Step 2, in which the double bond electrons add to the carbocation, is an alkene electrophilic 


addition. 
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7.62 


н” ` Base 
CH3 ф 
+ 
4. 
— => 
T SS SA NM 
H а ! CH3 H f СНз H ii 
Hes Н бн, Н бн, 


epi-Aristolochene 


Steps 1 and 2 are alkene electrophilic additions, and steps 3 and 4 involve carbocation 
rearrangements. 


7.63 Reaction of 1-chloropropane with the Lewis acid AlCl; forms a carbocation. The less stable 
propyl carbocation (primary undergoes a hydride shift to produce the more stable isopropyl 
carbocation (secondary), which reacts with benzene to give isopropylbenzene. 


CH3CHCHọ—CI + AlCl => |CH4CH5CH5* АС" 


H 


| + + 


CHgCH-SCH, =>  CH3CHCH3 


Tis 
CHCH3 
+ 
CH3CHCH3 + —- 


7.64 
H3C СНз Нз СНз H Нз 
| HBr TS KOH 39 0 
| CH40H 
Br 
2,3-Dimethyl-1-butene 2-Bromo-2,3- 2,3-Dimethyl-2-butene 
dimethylbutane 


The product, 2,3-dimethyl-2-butene, is formed by elimination of HBr from 2-bromo-2,3- 
dimethylbutane. This product forms because it has the more substituted double bond. 
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Chapter 8 – Alkenes: Reactions and Synthesis 


Chapter Outline 


I. Preparation of alkenes (Section 8.1). 
A. Dehydrohalogenation. 
1. Reaction of an alkyl halide with a strong base forms an alkene, with loss of HX. 
B. Dehydration. 
1. Treatment of an alcohol with a strong acid forms an alkene, with loss of H20. 
II. Addition reactions of alkenes (Sections 8.2-8.6). 
A. Addition of halogens (halogenation) (Section 8.2). 
1. Br» and Cl, react with alkenes to yield 1,2-dihaloalkanes. 
2. Reaction occurs with anti stereochemistry: Both halogens come from opposite sides 
of the molecule. 
3. The reaction intermediate is a cyclic halonium intermediate that is formed in a single 
step by interaction of an alkene with Br* or СІ“. 
B. Addition of hypohalous acids (Section 8.3). 
1. Alkenes add HO-X (X = Br or Cl), forming halohydrins, when they react with 
halogens in the presence of H20. 
2. The added nucleophile (H20) intercepts the halonium ion to yield a halohydrin. 
3. Bromohydrin formation is usually achieved by NBS in aqueous DMSO. 
4. Aromatic rings are inert to halohydrin reagents. 
C. Addition of water to alkenes (Section 8.4). 
1. Hydration. 
a. Water adds to alkenes to yield alcohols in the presence of a strong acid catalyst. 
b. Although this reaction is important industrially, reaction conditions are too 
severe for most molecules. 
2. Oxymercuration. 
a. Addition of Но(ОАс)2, followed by NaBHa, converts an alkene to an alcohol. 
b. The mechanism of addition proceeds through a mercurinium ion. 
c. The reaction follows Markovnikov regiochemistry. 
D. Addition of water to alkenes: hydroboration/oxidation (Section 8.5). 
1. BH; adds to an alkene to produce an organoborane. 
a. Three molecules of alkene add to BH3 to produce a trialkylborane. 
Treatment of the trialkylborane with H202 forms 3 molecules of an alcohol. 
Addition occurs with syn stereochemistry. 
Addition occurs with non-Markovnikov regiochemistry. 
a. Hydroboration is complementary to oxymercuration/reduction. 
The mechanism of hydroboration involves a four-center, cyclic transition state. 
a. This transition state explains syn addition. 
b. Attachment of boron to the less sterically crowded carbon atom of the alkene 
also explains non-Markovnikov regiochemistry. 
III. Reduction and oxidation of alkenes (Sections 8.6-8.8). 
A. Reduction of alkenes (Section 8.6). 
1. Inorganic chemistry, reduction increases electron density on carbon either by 
forming C-H bonds or by breaking C-O, C-N, or C-X bonds. 
2. Catalytic hydrogenation reduces alkenes to saturated hydrocarbons. 
a. The catalysts most frequently used are Pt and Pd. 
b. Catalytic hydrogenation is a heterogeneous process that takes place on the 
surface of the catalyst. 
c. Hydrogenation occurs with syn stereochemistry. 
d. The reaction is sensitive to the steric environment around the double bond. 


Nn > оого 
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3. Alkenes are much more reactive than other functional groups. 
B. Oxidation of alkenes (Sections 8.7-8.8). 
1. Inorganic chemistry, oxidation decreases electron density on carbon either by 
forming C-O, C-N, or C-X bonds or by breaking C-H bonds. 
2. Epoxidation (Section 8.7). 
a. Epoxides can be prepared by reaction of an alkene with a peroxyacid RCO3H. 
1. The reaction occurs in one step with syn stereochemistry. 
b. Epoxides are also formed when halohydrins are treated with base. 
c. Acid-catalyzed reaction of an epoxide ring with water yields a 1,2-diol (glycol). 
i. Ringopening takes place by back-side attack of a nucleophile on the 
protonated epoxide ring. 
ii. A trans-1,2-diol is formed from an epoxycycloalkane. 
3. Hydroxylation. 
a. OsO,causes the addition of two -OH groups to an alkene to form a diol. 
i. Hydroxylation occurs through a cyclic osmate intermediate. 
b. A safer reaction uses a catalytic amount of OsO, and the oxidant NMO. 
c. The reaction occurs with syn stereochemistry. 
4. Cleavage to carbonyl compounds (Section 8.8). 
a. Os (ozone)causes cleavage of an alkene to produce aldehyde and/or ketone 
fragments. 
1. The reaction proceeds through a cyclic molozonide, which rearranges to an 
ozonide that is reduced by Zn. 
b. KMnOAin neutral or acidic solution cleaves alkenes to yield ketones, carboxylic 
acids or CO». 
Diols can be cleaved with HIO4(periodic acid)to produce carbonyl compounds. 
IV. Addition of carbenes (Section 8.9). 
А. A carbene (R2C:) adds to an alkene to give a cyclopropane. 
B. The reaction occurs in a single step, without intermediates. 
C. Treatment of НСС with KOH forms dichlorocarbene. 
1. Addition of dichlorocarbene to a double bond is stereospecific, and only cis- 
dichlorocyclopropanes are formed. 
D. The Simmons-Smith reaction (CH2I2, Zn-Cu) produces a nonhalogenated 
cyclopropane via a carbenoid reagent. 
V. Radical additions to alkenes: chain-growth polymers (Section 8.10). 
A. Many types of polymers can be formed by radical polymerization of alkene monomers. 
1. There are 3 steps in a chain-growth polymerization reaction. 
a. Initiation involves cleavage of a weak bond to form a radical 
i. The radical adds to an alkene to generate an alkyl radical. 
b. The alkyl radical adds to another alkene molecule (propagation) to yield a 
second radical. 
i. This step is repeated many, many times. 
c. Termination occurs when two radical fragments combine. 
2. Mechanisms of radical reactions are shown by using fishhook arrows. 
3. As in electrophilic addition reactions, the more stable radical (more substituted) is 
formed in preference to the less stable radical. 
B. Biological additions of radicals to alkenes (Section 8.11). 
1. Biochemical radical reactions are more controlled than laboratory radical reactions. 
VI. Stereochemistry of reactions (Sections 8.12-8.13). 
A. Addition of H20 to an achiral alkene (Section 8.12). 
1. When H20 adds to an achiral alkene, a racemic mixture of products is formed. 
2. The achiral cationic intermediate can react from either side to produce a racemic 
mixture. 
3. Alternatively, the transition states for top side reaction and bottom side reaction are 
enantiomers and have the same energy. 
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4. Enzyme-catalyzed reactions give a single enantiomer, even when the substrate is 
achiral. 

B. Addition of H20 to a chiral alkene (Section 8.13). 

1. When H* adds to a chiral alkene, the intermediate carbocation is chiral. 

2. The original chirality center is unaffected by the reaction. 

3. Reaction of H2O with the carbocation doesn't occur with equal probability from 
either side, and the resulting product is an optically active mixture of diastereomeric 
alcohols. 

4. Reaction of a chiral reactant with an achiral reactant leads to unequal amounts of 
diastereomeric products. 


Solutions to Problems 


8.1 
Hs CH3 CH3 
CH3CH2CCH eel + 28 CH CH=CCH + CH3CH оон 
3-12 3 CH4CH5OH Que 3 gu pv 
Br 
Dehydrobromination may occur in either of two directions to yield a mixture of products. 
8.2 
CH3CH2 FCHeCHs CHaCH» „СНз 
C=C + с=с + 
/ \ / \ 
H CH3 H CH2CH3 
(Z)-3-Methyl-3-hexene (£)-3-Methyl-3-hexene 
OH CH3CH2CH CH CH3CH»2CH H 
| HS еў 3-72 N 2 / 3 37112 N 2 / 
CH3CH2CH2CCH2CH3 ————- C=C + C=C + 
| но / \ / \ 
СНз H3C H H3C CH3 
(Z)-3-Methyl-2-hexene — (E)-3-Methyl-2-hexene 
CH3CHəCH> H 
C=C. 
/ \ 
CH3CH> H 
2-Ethyl-1-pentene 
Five alkene products, including Е, Z isomers, might be obtained by dehydration of 3- 
methyl-3-hexanol. 
8.3 


ыр сы P 
H3C Clg H3C C CH3 H3C Cl 


1,2-Dimethylcyclohexene i SQ: | — trans-1,2-Dichloro-1,2- 
dimethylcyclohexane 
The chlorines are trans to one another in the product, as are the methyl groups. 
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8.5 


8.6 


8.7 
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He —— H3C + Cl 
+ 
H3C CH CH 
3 3 НЗС Г ы 
1,2-Dimethylcyclohexene LED 
р H3C CH3 


Addition of hydrogen halides involves formation of an open carbocation, not a cyclic 
halonium ion intermediate. The carbocation, which is sp^-hybridized and planar, can be 
attacked by chloride from either top or bottom, yielding products in which the two methyl 
groups can be either cis or trans to each other. 


a 


HO H 
—Br and -ОН are trans in the product. 


Reaction of the alkene with Br? (formed from NBS) produces a cyclic bromonium ion. 
When this bromonium ion is opened by water, a partial positive charge develops at the 
carbon whose bond to bromine is being cleaved. 


eet may 
CBr: Br: 
на Ha” 22 
нс”, ш H3C N ô+ 
( CH» S SCH 
H20: ix 


less favorable 


Since a secondary carbon can stabilize this charge better than a primary carbon, opening of 
the bromonium ion occurs at the secondary carbon to yield the Markovnikov product. 


Keep in mind that oxymercuration is equivalent to Markovnikov addition of H20 to an 
alkene. 
(a) OH 
| 
1. HafOAcha, HoO _ сн.снснгснснь 


CHgCH»CHsCH=CH 
Orie a 2 2. NaBH, 
b 
(0) CH3 сну 
| 1. Hg(OAc)s, H20 
Снасносн=0снз авн 7 OHeCH2CH20CHa 


2. NaBH, 
OH 
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8.8 . Think backwards to select the possible alkene starting materials for the alcohols pictured. 


(a) 


CH4C—CHCH;CH;CHs oH 
CH3 or 1: НФОАо)2, FeO CHaCCHsCHyCHsCHg 
2. NaBH, | 
H2C=CCH2CH2CH2CH3 CH3 
CH3 
(b) OH 
Pat ч Hg(OAc)>, НО CH3 
— л ——————җ 
2. NaBH, 


Oxymercuration occurs with Markovnikov orientation. 


8.9  Hydroboration/oxidation occurs with non-Markovnikov regiochemistry to give products in 
which —OH is bonded to the less highly substituted carbon. 


(a) 
CH H 
ee 1. BH3, THF qs 
CH3C = CHCH2CH3 SS a ов CH3C — CHCH5CH; 
2. H209, OH | | 
| H OH 
less substituted 
b P 
(b) less s Te OH 
2 “СНз  1.BH& THF CH3 
—————— 


2. H202, OH 


8.10 As described in Worked Example 8.2, the strategy in this sort of problem begins with a 
look backward. In more complicated syntheses this approach is essential, but even in 
problems in which the functional group(s) in the starting material and the reagents are 
known, this approach is effective. 

All the products in this problem result from hydroboration/oxidation of a double bond. 
The —OH group is bonded to the less substituted carbon of the double bond in the starting 


material. 
a 
(a) CH3 CH3 
1. BH3, THF 
CH3CHCH=CH, | ——————— —9-  CH3CHCH?CH2OH 
2. НО», OH 
b 
(b) CHa CH3 
1. BH3, THF 
CH3C = CHCH —— — > CH3CHCHCH3 
2. H505, OH | 
OH 


This product can also result from oxymercuration of the starting material in (a). 
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(c) 


d.BH THE 
CHa оноон" CHOH 


8.11 The drawings below show the transition states resulting from addition of BH; to the 
double bond of the cycloalkene. Addition can occur on either side of the double bond. 


H3C а 
A Ch 

H H—B-* 

б—..: 

n 

H3C LINE i 9 

CH3 THF Us eru 

H H—B : 
H 
LH poe 


163 


Reaction of the two neutral alkylborane adducts with hydrogen peroxide gives two alcohol 


isomers. In one isomer, the two methyl groups have a cis relationship, and in the other 


isomer they have a trans relationship. 


H H 
BR 
H 2H Mo, H OH `H 
OH 
н “СНз H н “СНз 
8.12 Catalytic hydrogenation produces alkanes from alkenes. 
(a) 
CH3 CH3 
Hə 
= n 
CH3C=CHCH2CH; ъс CHsCHCH2CH;CH3 
2-Methyl-2-pentene 2-Methylpentane 
(b) 
CH CH 
3 н, 3 
Pd/C in ethanol 
СНз CH3 


3,3-Dimethylcyclopentene 1,1-Dimethylcyclopentane 
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8.13 


8.14 


Chapter 8 


(c) CH3 CH3 
C — CH3 C — CH3 
N H N 
Pd/C in ethanol 


3-tert-Butylcyclohexene tert-Butylcyclohexane 


Epoxidation using m-chloroperoxybenzoic acid (RCO3H) is a syn addition of oxygen to a 
double bond. The original bond stereochemistry is retained. 


H.. _H RCO3H 
foe Л шн 
НЗС CH3 4 М 
H4C 


cis-2-Butene cis-2,3-Epoxybutane 


In the epoxide product, as in the alkene starting material, the methyl groups are cis. 


Reaction of an alkene with a catalytic amount of OsO,, in the presence of N-morpholine N- 
oxide (NMO), yields a diol product. To pick a starting material for these products, choose 
an alkene that has a double bond between the diol carbons. The products in (b) and (c) can 
also be formed by ring opening of an epoxide formed either from a peroxyacid or from a 
halohydrin. 


(a) r J 
CH3 CH3 
СНз —— О О „ОН 
catalytic \_ 7 NMO 
— >” Os —- 
OsO4 ZN 
\ О О \ OH 
1-Methylcyclohexene B Н d H 
b 
Sb) OH OH 
OsO4 | | 
CH4CH5CH — C(CH3)o мо " СНзСН»СН e 
2-Methyl-2-pentene СНз 
(с) НО ОН 
OsO4 | | 
CHa = CHCH = CH5 МО" HOCH2CHCHCH,0H 


1,3-Butadiene 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


8.15 


8.16 


8.17 
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Both sets of reactants cleave double bonds. Aqueous KMnO; produces a carboxylic acid 
from a double bond carbon that is monosubstituted and a ketone from a double bond 
carbon that is disubstituted. Ozone produces an aldehyde from a double bond carbon that is 
monosubstituted and a ketone from a double bond carbon that is disubstituted. If the 
double bond is part of a ring, both carbonyl groups occur in the same product molecule. 


a 
a CH3 CH; 
RI tA 
H30 О 
C — OH 
|| 
(b) 
CH3 2 СНз 
1. Оз n 
— > > 
2: Zn, CH3CO5H О 
(н 
О 


Orient the fragments so that the oxygens point toward each other. Remove the oxygens, 
and draw a double bond between the remaining carbons. 


(a) 
Е 1. O3 Е а 
(CH3)oC = СН» 2. Zn, НО? (CH3)5C =O + O-—CH»2 
(b) 


1. 0 
CH3CH5CH = CHCH2CH3 Кс тес CH3CH5CH =O + О= СНСН2СНз 
. ; П3 


Reaction of a double bond with chloroform under basic conditions gives a product with a 
cyclopropane ring in which one of the carbons has two chlorine atoms bonded to it. 
Reaction of a double bond with CH5L, yields a product with a cyclopropane ring that has a 
—CH»- group. 


(a) 
KOH ССІ 
CHo + CHCl ———- | 
CHo 


(>) о, CH3 сн 
| Zn(Cu) | /N 


Depending on the stereochemistry of the double bond of the alkene in (b), two different 
isomers can be formed. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


166 Chapter 8 


8.18 Find the smallest repeating unit in each polymer and add a double bond. This is the 
monomer unit. 


Monomer Polymer 
(а) OCH OCH OCH 
(b) С ^ a Gi о о 
CIHC —CHCI e а 


8.19 One radical abstracts a hydrogen atom from a second radical, and the remaining two 
electrons create a double bond. 


сњ-сњ снг cH 


8.20 Look back to Figure 8.12, which shows the reaction of (R)-4-methyl-1-hexene with 
H30*. In a similar way, we can write a reaction mechanism for the reaction of H3O* with 
(S)-4-methyl-1-hexene. 


{ Ck 
CH3 
WU 
AAR OH» 
M bottom 
H GHS H OH H EH H CH3 
= 28 е 
СНз OH 
(2S,4S)-4-Methyl-2-hexanol (2R,4S)-4-Methyl-2-hexanol 


The products shown above are diastereomers and are formed in unequal amounts. 

The (25,45) stereoisomer is the enantiomer of the (2R,AR) isomer (shown in Figure 
8.12), and the transition states leading to the formation of these two isomers are 
enantiomeric and of equal energy. Thus, the (25,45) and (2R,4R) enantiomers are formed 
in equal amounts. A similar argument can be used to show that the (2R,4S Jand (25,4А) 
isomers are formed in equal amounts. The product mixture is optically inactive. 
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8.21 


H3C 
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1R,3S 


15,35 


15,3К 


1R,3R 


Two enantiomeric carbocations are formed. Each carbocation can react with НО from 
either the top or the bottom to yield a total of four stereoisomers. The same argument used 
in Problem 8.20 can be used to show that the (15,3А) апа (1R,3S) enantiomers аге 
formed in equal amounts, and the (15,35) and (1R,3R) isomers are formed in equal 
amounts. The result is a non-50:50 mixture of two racemic pairs. 


Visualizing Chemistry 


8.22 
(a) 


(Ha (Ha 
CH3C = CHCH5CHCH5CH;3 
2,5-Dimethyl-2-heptene 


RCO3H 
——— 


KMnO, 
l 
H30* 


1.505 


ел Lee ee 
2. Zn, CH3CO5H 


CH3 CH3 
CHgC —CHCHyCHCH,CHg 


UEM 
O =CCH,CHCH»CH3 


HaC. CH 
(C=O + O-CHCH;CHCH;CHs 


H3C 
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(b) О 
RCO3H ik 
> 
H3C 
HO 
H3C НС C=O 
K KMnO4 
+ O 
H30 7 
3,3-Dimethylcyclopentene H OH 
H3C C=O 
1. Оз 
——————- 
2. Zn, CH3COoH 20 
зе—2 нас с^ 
H 
8.23 
a 
( ) H3 CH3 OH 
1. Hg(OAc)s, НО | 
CH3CHCCH2CH3 лз о ол ==” CH4C — CCH5CH3 
I 2. NaBH, | ai] 
СН» H Chg 
2-Ethyl-3-methyl-1-butene or 
CH3 CH3 OH 
| 1. Hg(OAc)o, H2O HO 
| 2. NaBH, ME 
CH3 н Chg 


3,4-Dimethyl-2-pentene 


Only oxymercuration/reduction can be used to produce an alcohol that has -OH bonded to 
the more substituted carbon. A third alkene, 2,3-dimethyl-2-pentene, gives a mixture of 


tertiary alcohols when treated with either BH3 or Hg(OAc)p. 


(b) 


CH3 
[X > 


CH3 


4,4-Dimethylcyclopentene 


1. ВНз, THF 
— 
2. H202, OH 


1. Hg(OAc)>, H20 
——M—M——M——— 


2. NaBH, 


Both hydroboration/oxidation and oxymercuration yield the same alcohol product from the 
symmetrical alkene starting material. 
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8.24 
H3C CH3 H3C 


CH3 H3C CH3 
H OH 
н 1. BH3, THF ae 
2. H202, OH ӨҢ т 
H H 
not formed 
H H 


Two possible alcohols might be formed by hydroboration/oxidation of the alkene shown. 
One product results from addition of BH; to the top face of the double bond (not formed), 
and the other product results from addition to the bottom face of the double bond (formed). 
Addition from the top face does not occur because a methyl group on the bridge of the 
bicyclic ring system blocks approach of the borane. 


C 
1. RCO3H trans 
2. с = 


4-Methylcyclohexene 


8.25 


RCO3H = meta-Chloroperoxybenzoic acid 
Since the hydroxyl groups in the diol product have a trans relationship, the product can 


only be formed by epoxide hydrolysis. (Treatment of the alkene with OsO, yields a 
product in which the two —OH groups have a cis relationship.) 


Additional Problems 


Reactions of Alkenes 


8.26 
(a) 
i 
C CHCH 
“ен, Нора Ж 
(b) H 
| 
Ca. 
“сн, Вг, “сн,вг 
—————- 
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(c) ^ 
Ca. E 
CH; 004 CHOH 
NMO 
d 
(9) н HO H 
l y 
NS 
“он, Clo “сн, 
———ж- 
Но 
е 
(е) É 
0 
CY Seb EDIDI. CHol», Zn/Cu са 
(f) " 
0 
RCO3H = meta-Chloroperoxybenzoic acid 
8.27 
(а) [ ris 7 
СНзСН»СН»СН»С=СН» 2-Methyl-1-hexene 
CH4CH5SCH5CH-C(CHa3) 4 2-Methyl-2-hexene CH3 
Ho/Pd 
CH3CHoCH-ZCHCH(CH3)2 2-Methyl-3-hexene === CH3CHoCH5CH5CHCH5 
CH3CH=CHCHsCH(CH3)o = 5-Methyl-2-hexene er Methyinexane 
H5C=CHCHsCHsCH(CH3)5  5-Methyl-1-hexene 
(b) CH3 
| CH3 
3,3-Dimethylcyclohexene CH3 
Ho/Pd CH3 
CH3 < 
| CH3 | 
4,4-Dimethylcyclohexene 1,1-Dimethylcyclohexane 
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(e) Br Br 
Bro | | 
CH3CH-CHCH2CH(CHg)g | ———————À-  CHaCH —CHCH2CH(CH3)2 
5-Methyl-2-hexene 2,3-Dibromo-5-methylhexane 
(d) ç 
= HCI 
HaC —CHCHCHSCHSCH;CHs QU > CHSCHCHCH2CHSCH;CHs 
CH3 CH3 
3-Methyl-1-heptene 2-Chloro-3-methylheptane 
(e) OH 
1. Hg(OAc)>, НО | 
CH3CH3CH53CH = CH5 ыл а-а с-та CH3CH2CH2CHCH3 
2. NaBH, 
]-Pentene 2-Pentanol 
(f) 


$Os 1 
2. Zn, HzO" 


(a) 


(b) 
COH 


COH 


KMnO4 
H30* 


(c) 


[ CH3 
1. ВНЗ, THF 
2. H202, OH 


Remember that -H and —OH add syn across the "ms bond. 


OH 
. Hg( .1. Hg(OAc)2, H20 —— H20 en 
2.NaBH, 


171 
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8.29 


H 
HBr H Br H 
— > — > 
H 
H 
Br 


secondary carbocation 
less stable 


| H 
H 
HBr Br H 
———- — > 
CH3 
Gis Cna Br 


tertiary carbocation 
more stable 


Remember from Section 7.10 that a reaction that forms a more stable carbocation 
intermediate is faster than a comparable reaction that forms a less stable carbocation 
intermediate. Thus, the reaction of 1-methylcyclohexene with HBr is faster than the 
reaction of cyclohexene with HBr. 


8.30 Recall the mechanism of hydroboration and note that the hydrogen added to the double 


bond comes from borane. The product of hydroboration with BD3 has deuterium bonded 
to the more substituted carbon; -D and —OH are cis to one another. 


CS Z 1. BD3, THF Honen 
—————— 
H 


d H CH3 
8.31 
CHol Ae 
Де одд 2+2 а, 
H3C СНз  Zn-Cu H3C CH3 
cis-2-Butene cis-1,2-Dimethylcyclopropane 
CH3 
Hee даан. „ pala НЗС c --H 
н” "CH. 2п-Си H” “сна 
trans-2-Butene trans-1,2-Dimethylcyclopropane 


The Simmons-Smith reaction occurs with syn stereochemistry. Only cis-1,2- 
dimethylcyclopropane is produced from cis-2-butene, and only trans-1,2- 
dimethylcyclopropane is produced from trans-2-butene. 
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8.32 
H3 
Hs 
HBr 
HO | B 
Br 
Bro 
H 
3 OsO4 H3 
NMO 
Hs Hs 
le 
HO Cholesterol HO 
OH: 
OH 
Zn/Cu 
H3 
Hs 
E 
HO 22 
8.33 


H—A CHgO —H LEEA HA 
Uf Р CH3O0 Н 
нас, HaC, cd) A) + 
esie o Rm INL == wiley = 9% = CH3OC(CH3)5 
1 2. ; 


НЗС КА CH3 


Step 1: Protonation of the double bond. 
Step 2: Nucleophilic attack of methanol on the carbocation. 
Step 3: Loss of proton. 


The above mechanism is the same as the mechanism shown in Section 8.4 with one 
exception: In this problem, methanol, rather than water, is the nucleophile, and an ether, 
rather than an alcohol, is the observed product. 
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8.34 
Ta “н 
bx od 


cl 
— 
OCH; 


“+ СГ 

+ of 

OCH poets 
Conjugation with Reaction with НСІ Addition of 
the oxygen lone yields a cation CE leads to 
pair electrons intermediate that the observed 
makes the double can be stabilized by product. 
bond more the oxygen electrons. 
nucleophilic. 


There are two reasons why the other regioisomer is not formed: (1) Carbon 1 is less 
nucleophilic than carbon 2; (2) The cation intermediate that would result from protonation 
at carbon 1 can't be stabilized by the oxygen electrons. 


Synthesis Using Alkenes 


8.35 
(a) H 
as Œ 
— > 
NMO 
зон 
Н 
Ф) OH 


1. Hg(OAc)s, H20 
ť— n cee 
2. NaBH4 


- CJ 


Acid-catalyzed hydration and hydroboration/oxidation are both additional routes to this 
product. 


(c) H 


C7 CHCls, KOH 
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8.37 


8.38 
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d 
© CH3 
CH3 
OH H2S04, НО 
heat 
© CH O нс О 
AE Ee [ MI 
= — 
CH3CH=CHCHCH3 2-7 H0" CH3CH + CH3CHCH 
ш CH3 СНз 
| 1. ВНз, THF | 
CH3C=CHp CH3CHCH OH 


—————É 
2. H202, OH 


Because ozonolysis gives only one product, we can assume that the alkene is symmetrical. 


нас CH3 нас CH3 
с=с 193 ‘=o о=с 
== ss — € 
па" 2. Zn, HgO* / d \ 
нас CH3 Ке CH3 


2,3-Dimethyl-2-butene 


Remember that alkenes can give ketones, carboxylic acids, and СО» on oxidative cleavage 
with KMnO; in acidic solution. 


(a) 
KMnO, 
CH3CH5CH = СН» нот CH3CH5CO5H + СО» 
3 


(b) 


CH3CH3CH5CH = C(CH3)2 CH3CH5CH5CO5H + (CH3)oC =O 


CH2CH3 ie CH3CH2CCH5CH5CH5CH2CO5H 
3 


+ 


(a) Addition of HI occurs with Markovnikov regiochemistry — iodine adds to the more 
substituted carbon. 

(b) Hydroxylation of double bonds produces cis, not trans, diols. 

(c) Ozone reacts with both double bonds of 1,4-cyclohexadiene. 

(d) Because hydroboration is a syn addition, the -H and the -OH added to the double bond 
must be cis to each other. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


176 Chapter 8 


8.39 (а) This alcohol can't be synthesized selectively by hydroboration/oxidation. Consider the 
two possible starting materials. 


Ё 1. BH3, THF 


CH3CH5CH5CH = CHo 2.Hg05, OH 


CH4CH5CH2CH2CH50H 


1-Pentene yields only the primary alcohol. 
2. SH ОМ 


1. ВНЗ, THF 
CH3CH»CH=CHCH, —— 2» CH3CHSCHCHSCHg + CH3CHSCHSCHCHs 
2. НО», OH 
2-Pentene yields a mixture of alcohols. 
(b) OH 
1. BH3, THF | 
(CH3)2C = C(CH3)o (CH3)2CHC(CH3)o 


a 
2. НО», OH 
2,3-Dimethyl-2-butene yields the desired alcohol exclusively. 


(c) This alcohol can't be formed cleanly by a hydroboration reaction. The -H and -OH 
added to a double bond must be cis to each other. 


(d) The product shown is not a hydroboration product; hydroboration yields an alcohol in 
which OH is bonded to the less substituted carbon. 


Polymers 


8.40 
iG il е у БИ. 
HəC=C—COCH; ——> —{CHp—C—CHy—C—CHp—C-}- 
COCH CO;CHg СОСН; 


8.41 
N О М O JN O JN О 
es CX uy 
N-Vinylpyrrolidone Poly(vinyl pyrrolidone) 
8.42 
а ан аа ан CI 
\/ И М / N / 
H5C =CClo + HoC = CHCI = > “ Boe psd „Сы „С “ 
^ «C Pato 7 ^ 
Vinylidene Vinyl d PCR ZN OZN 
H HH HH HH H 


chloride chloride 
Saran 
The dashed lines cross the bonds formed during the polymerization reaction. The structural 
fragments that lie between the dashed lines are the monomer units. Saran is a copolymer of 
vinylidene chloride and vinyl chloride. 
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General Problems 


8.43 (a) Compound A has three degrees of unsaturation. Because compound A contains only 
one double bond, the other two degrees of unsaturation must be rings. 


(b), (c) 
О H 
1. Оз Ho/Pd 
8. — ——————————— ————- 
2. Zn, H9O* 
О А Н 


B 


Other compounds containing two fused rings and a shared double bond also yield 
symmetrical diketone products. 


8.44 (1)Hydrocarbon A (C6H12) has one double bond or ring. 
(2) Because A reacts with one equivalent of H2, it has one double bond and no ring. 
(3) Compound A forms a diol (B) when reacted with OsO,. 
(4) When alkenes are oxidized with KMnO, they give either carboxylic acids or ketones, 
depending on the substitution pattern of the double bond. 
(a) A ketone is produced from what was originally a disubstituted carbon in the double 
bond. 
(b) A carboxylic acid is produced from what was originally a monosubstituted carbon 
in the double bond. 
(5) One fragment from KMnO; oxidation is a carboxylic acid, CH3CH2CO>H. 
(a) This fragment was CH3CH2CH= (a monosubstituted double bond) in compound 
A 


(b) It contains three of the six carbons of compound A. 
(6) (a) The other fragment contains three carbons. 
(b) It forms ketone C on oxidation. 
(c) The only three carbon ketone is acetone, О=С(СН3з)2. 
(d) This fragment was =С(СН3з)› in compound A. 
(7) If we join the fragment in 5(a) with the one in 6(d), we get: 


CH3CH2CH=C(CH3)2 C6Hı2 
A 


The complete scheme: 


СНз CH3 
CH3CH>CH Dh scis шы CH3CH>CH е 
= — ——= LI 
3 2 3 2. NaHSO3, H20 3 2 | | 3 
А В Он Он 
| Ho/Pd KMnO, 
CH3 H30* 
CH4CH5CH5CHCH;4 CH4CH5CO5H + O —C(CH3)o 


C 
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8.45 The oxidative cleavage reaction of alkenes with Оз, followed by Zn in acid, produces 
aldehyde and ketone functional groups at sites where double bonds used to be. On 
ozonolysis, these two dienes yield only aldehydes because all double bonds are 


monosubstituted. 
H О 
" 0 lb 07 а I 
SEE See + ~“ 
2. Zn, НО? C RET M 


Because the other diene is symmetrical, only one dialdehyde, OCHCH2CHO, is produced. 


8.46 Try to solve this problem phrase by phrase. 

(1) C19H,8O has two double bonds and/or rings. 

(2) C19H,80 must be an alcohol because it undergoes reaction with H2SO, to yield an 
alkene. 

(3) When C49H8O is treated with dilute Ho2SO4, a mixture of alkenes of the formula 
Соно is produced. 

(4) Since the major alkene product B yields only cyclopentanone, С5НЗО, on ozonolysis, 
B and A contain two rings. A therefore has no double bonds. 


OH 
H HoSO4- 
A 29-4 
1. Оз 
————————À- 
ee 2. Zn, H307 2 O 
B 


8.47 


(b) 
FC) = | # of valence | | # of bonding electrons | К nonbonding | 
(FO = | electrons |- 2 HE electrons | 
A B Formal Charge 

I—N=N=N: = :I—N— N=N: I мМ М2 Мз 

1 2 3 1 2 8 A 0 0 +1 -1 

41 -1 -1 + 
I—N=N=N I—N—N=N B о -1 +1 0 


Formal charge calculations show a partial negative charge on N1. 
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(c) Addition of IN; to the alkene yields a product in which —I is bonded to the primary 
carbon and —N3 is bonded to the secondary carbon. If addition occurs with Markovnikov 
orientation, I* must be the electrophile, and the reaction must proceed through an iodonium 
ion intermediate. Opening of the iodonium ion gives Markovnikov product for the reasons 
discussed in Problem 8.6. The bond polarity of iodine azide is: 


(* : 
d CA no 


NING 
8.48 
— 
Bromo- 
peroxidase Brt 
Br* 
y-Bisabolene L bromonium ion 
uf ^ :Base " 
P 
Br Br 
10-Bromo-a-chamigrene cyclic carbocation 
8.49 
O O 
ue 08 нОон,сн0н 
——————po» 
2. 2п,НО* 2 ке 
Cyclooctane 1,5-Cyclooctadiene 
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8.50 


A B 


Focus on the stereochemistry of the three-membered ring. Simmons-Smith reaction of 
1,1-diiodoethane with the double bond occurs with syn stereochemistry and can produce 
two isomers. In one of these isomers (A), the methyl group is on the same side of the 
three-membered ring as the cyclohexane ring carbons. In B, the methyl group is on the 
side of the three-membered ring opposite to the cyclohexane ring carbons. 


8.51 


KMnO 
CH3(CH5)42CH = CH(CH5)7CHs тота CH4(CH5),5COoH + CH3(CH2)7CO2H 
3 


8.52  CgHg has five double bonds and/or rings. One of these double bonds reacts with H5/Pd. 
Stronger conditions cause the uptake of four equivalents of H2. CgHg thus contains four 
double bonds, three of which are in an aromatic ring, and one C=C double bond. A good 
guess for CgHs at this point is: 


CH—CH, 


Reaction of a double bond with KMnO; yields cleavage products of the highest possible 
degree of oxidation. In this case, the products are СО» + CeHsCO2H. 


O 

|| 

Ca CH = CH9 CH2CH3 

OH — KMnO, Ho/Pd 
<= — —— —— ——- 
+ СО» H30 
B A 
Ho/Rh 
CH2CH3 
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8.53 
5 „ОН 


Вг? HO OPE BN ——>» n d 
J Bromo- Br 
| | peroxidase 


Laurediol 


bromonium ion 


| 


.OH 
J 2 _-OH 
Et <——— .. Na 
O > O+ “ 
\ 
Вг | | Вг C u/ Base | 
Prelaureatin carbocation 


8.54 (а) Bromine dissolved in CHCl, has a reddish-brown color. When an alkene such as 
cyclopentene is added to the bromine solution, the double bond reacts with bromine, and 
the color disappears. This test distinguishes cyclopentene from cyclopentane, which does 
not react with Br». Alternatively, each compound can be treated with H2/Pd. The alkene 
takes up H5, and ће alkane is unreactive. 


(b) An aromatic compound such as benzene is unreactive to the Br?/CH5Cl, reagent and 
can be distinguished from 2-hexene, which decolorizes Br2/CH2Cl2. Also, an aromatic 
compound doesn't take up H» under reaction conditions used for hydrogenation of 


alkenes. 
8.55 
Cl Cl 
n 9 = | Cl | 
CI—C—C CI—C: —— C: * CI 
JA) S 1 | 2. 
gc О: Cl Cl 


Ж СО» 


In step 1, carbon dioxide is lost from the trichloroacetate anion. In step 2, elimination of 
chloride anion produces dichlorocarbene. Step 2 is the same for both the above reaction 
and the base-induced elimination of НСІ from chloroform, and both reactions proceed 
through the trichloromethanide anion intermediate. 
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8.56 (а) a-Terpinene, СН e, has three degrees of unsaturation. 
(b) Hydrogenation removes only two degrees of saturation, producing a hydrocarbon 
C10H»o, that has one ring. o-Terpinene thus has two double bonds and one ring. 


(c) | 
H О 26 
Ho/Pd 1.05 SE oF ) 
w soe | + 
2. Zn, H30 ева O` So 
a-Terpinene Glyoxal 6-Methyl-2,5- 
heptanedione 


8.57 The models of the cis and trans diols show that it is much easier to form a five-membered 
cyclic periodate from the cis diol A than from the trans diol B. The cis periodate 
intermediate is of lower energy than the trans periodate intermediate because of the lack of 
strain in the cis periodate ring. Because any factor that lowers the energy of a transition 
state or intermediate also lowers ЛС and increases the rate of reaction, diol cleavage 
should proceed more slowly for trans diols than for cis diols. 

8.58 


Ecos 


trans-1- Pl 3- cis-1-Bromo-3- 
—Br ia i methylcyclohexane 


С> 


< x 


trans- | оой сіѕ-1-Вгото-2- 
methylcyclohexane methylcyclohexane 
In the reaction of 3-methylcyclohexene with HBr, two intermediate carbocations of 
approximately equal stability are formed. Both react with bromide ion from top and 
bottom faces to give four different products. 


Br Br 

" 0. “<> шыш. 
H —Br - Br 

L e d 


The most stable cation intermediate from protonation of 3-bromocyclohexene is a cyclic 
bromonium ion, which is attacked by Вг from the opposite side to yield trans product. 
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8.59 
ane А HgOAc 
Hg —OAc HgOAc 
e — + сн 
EE 
i H 
HOCH3 | “OAc 
HgOAc 
NaBH, 
OCH, € OCH3 
Cyclohexyl methyl ether * HOAc 
8.60 
CO5CHs CO5CHs CO5CH3 
ENS ENS t uu 
м, 1 2. 
+ 
H 
OA HK i 
AR Pa + “One AcO 
Hg—OAc L 3 J 
COCH COOCH 
213 Ha 
-OAc 
+ 
-—— — 
4. 
Hg Hg 
| 
АсО + HOAc | AcO J 


The reaction mechanism involves the following steps: 

Step 1: Addition of Hg(OAc) to one of the double bonds to form a cyclic mercurinium 
ion. 

Step 2: Reaction of a second double bond with the mercurinium ion to form a six- 
membered ring and a different carbocation. 

Step 3: A second cyclization forms the other ring and yields another carbocation. 

Step 4: Removal of —H gives a double bond. 
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8.61 
Br—Br | + Br | H,0* 
C vf V + 
HC3- CH; HC —CHs HC — CHBr HC —CHeBr 
/ ^k А / oie Y^N JN 
HoC —Ó- HoC ОН — HoC +O—H me — НС O 
| 1. NU 2. | JA) 0н, 3. ^| | 
НС — CH2OH НС — CH9 НС — CH» НС — СН» 


Step 1: Formation of a cyclic bromonium ion. 
Step 2: Nucleophilic attack of -OH on the bromonium ion. 
Step 3: Loss of H*. 


The above mechanism is the same as that for halohydrin formation, shown in Section 8.3. 
In this case, the nucleophile is the hydroxyl group of 4-penten-1-ol. 


8.62 Hydroboration of 2-methyl-2-pentene at 160 °C is reversible. The initial organoborane 
intermediate can eliminate BH; in either of two ways, yielding either 2-methyl-2-pentene 
or 4-methyl-2-pentene, which in turn can undergo reversible hydroboration to yield either 
4-methyl-2-pentene or 4-methyl-1-pentene. The effect of these reversible reactions is to 
migrate the double bond along the carbon chain. A final hydroboration then yields the most 
stable (primary) organoborane, which is oxidized to form 4-methyl-1-pentanol. 


BH» 
BH -BH внз 
ВН; -BH3 
BH» 


-BH3 
2-Methyl-2-pentene 


-BH BH3 но 
=> == pou ЕЕЕ E 
ВНз “х -Bhg NaOH, НО 


4-Methyl-1-pentene 4-Methyl-1-pentanol 


4-Methyl-2-pentene 
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8.63 
CH3 
(а) 1 equiv Bro 
CHSCHCHoCHo zn 
C=C 
/ \ 
Br H 
CH3 CH3 
| _ (b) 2 equiv Н, | 
CH3CHCH»CH,C = CH CH4CHCH5CH5CH5CHs 
Pd/C 
к CH3 Br 
(c) 1 equiv HBr | 
CH3CHCH5CH5C =CH9 
Addition of one equivalent of HX or X» to a triple bond occurs with Markovnikov 
regiochemistry to yield a product in which the two added atoms usually have a trans- 
relationship across the double bond. 
8.64 
О О 
` Z 
"Os Я 
OsO E i NMO ix ru 
Es = А 5-4 uc eu ——>» „-С—С-. 
НЗС СНз 4 H H 
H3C СНз НЗС CH3 
cis-2-Butene 
O O 
JP 
“Os” 
o `0 HO OH 
OsO \ / NMO \ / 
H-~G—¢--CHg 954 -C—C- — cd -C—C.- 
HC” “ Н? 4 х CH3 Н? 4 ~CH3 
H3C H H3C H 


trans-2-Butene 
Formation of the cyclic osmate, which occurs with syn stereochemistry, retains the cis- 
trans stereochemistry of the double bond because osmate formation is a single-step 
reaction. Oxidation of the osmate does not affect the stereochemistry of the carbon—oxygen 
bond, and the diol produced from cis-2-butene is a stereoisomer of the diol produced from 
trans-2-butene. 


8.65 A has four multiple bonds/rings. 


29^ «СнәснәСна НЗС. 2 CHCH2CHs HaC. 20 
dil. HoSO4 1. O3 кош 
ee ol 


= 
2. Zn, H90* 


A B С 
2-Phenyl-3-pentanol is also an acceptable answer. 
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Review Unit 3: Organic Reactions; Alkenes 


Major Topics Covered (with vocabulary): 


Organic Reactions: 

addition reaction elimination reaction substitution reaction rearrangement reaction 
reaction mechanism homolytic heterolytic homogenic heterogenic radical reaction 
polarreaction initiation propagation termination electronegativity polarizability 
curved arrow electrophile nucleophile carbocation 


Describing a Reaction: 

Keg AG? exergonic endergonic enthalpy entropy heat of reaction exothermic endothermic 
bond dissociation energy reaction energy diagram transition state activation energy 

reaction intermediate 


Introduction to alkenes: 
degree of unsaturation methylene group vinyl group allyl group cis-trans isomerism 
E,Z isomerism heat of hydrogenation hyperconjugation 


Electrophilic addition reactions: 
electrophilic addition reaction regiospecific Markovnikov's rule Hammond Postulate 
carbocation rearrangement hydride shift 


Other reactions of alkenes: 

dehydrohalogenation dehydration anti stereochemistry bromonium ion  halohydrin 
hydration oxymercuration hydroboration syn stereochemistry carbene stereospecific 
Simmons-Smith reaction hydrogenation hydroxylation diol osmate molozonide ozonide 


Polymerization reactions: 
polymer monomer chain branching radical polymerization cationic polymerization 


Types of Problems: 


After studying these chapters you should be able to: 


— Identify reactions as polar, radical, substitution, elimination, addition, or rearrangement 
reactions. 

— Understand the mechanism of radical reactions. 

— Identify reagents as electrophiles or nucleophiles. 

— Use curved arrows to draw reaction mechanisms. 

— Understand the concepts of equilibrium and rate. 

— Calculate Keq and AG? of reactions, and use bond dissociation energies to calculate АН? of 
reactions. 

— Draw reaction energy diagrams and label them properly. 


— Calculate the degree of unsaturation of any compound, including those containing N, O, and 
halogen. 

— Name acyclic and cyclic alkenes, and draw structures corresponding to names. 

— Assign EZ priorities to groups. 
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Assign cis-trans and E,Z designations to double bonds. 
Predict the relative stability of alkene double bonds. 


Formulate mechanisms of electrophilic addition reactions. 

Predict the products of reactions involving alkenes. 

Choose the correct alkene starting material to yield a given product. 

Deduce the structure of an alkene from its molecular formula and products of cleavage. 
Carry out syntheses involving alkenes. 


Points to Remember: 


* 


In virtually all cases, a compound is of lower energy than the free elements of which it is 
composed. Thus, energy is released when a compound is formed from its component 
elements, and energy is required when bonds are broken. Entropy decreases when a 
compound is formed from its component elements (because disorder decreases). For two 
compounds of similar structure, less energy is required to break all bonds of the higher 
energy compound than is required to break all bonds of the lower energy compound. 


Calculating the degree of unsaturation is an absolutely essential technique in the structure 
determination of all organic compounds. It is the starting point for deciding which functional 
groups are or aren't present in a given compound, and eliminates many possibilities. When a 
structure determination problem is given, always calculate the degree of unsaturation first. 


All cis—trans isomers can also be described by the E,Z designation, but not all E,Z isomers 
can be described by the cis-trans designation. 


Bond dissociation energies, described in Chapter 6, measure the energy required to 
homolytically break a bond. They are not the same as dissociation enthalpies, which measure 
the ability of a compound to dissociate heterolytically. Bond dissociation energies can be 
used to calculate dissociation enthalpies in the gas phase if other quantities are also known. 


Not all hydrogens bonded to carbons adjacent to a carbocation can take part in 
hyperconjugation at the same time. At any given instant, some of the hydrogens have C-H 
bonds that lie in the plane of the carbocation and are not suitably oriented for 
hyperconjugative overlap. 
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Self- Test: 


+ H20 I „С 


What type of reaction is occurring in A? Would you expect that the reaction occurs by a polar 
or a radical mechanism? If Keq for the reaction at 298 К is 10-3, what sign do you expect for AG°? 
Would you expect AS? to be negative or positive? What about AH?? 


HC CH3 CH3 
(Сна)зс, JH 
di d с=с 
OH 
COH H CH(CH 
О CHg c 
B  Abscisic acid (a plant hormone) С 


Give E,Z configurations for the double bonds in B. Provide a name for С (include bond 
stereochemistry). Predict the products of reaction of C with (a) 1 equiv HBr (b) Н», Pd/C (с) 
BH3, THF, then H202, HO- (d) Оз, then Zn, H3O*. 


Two isomeric compounds D and E have the formula СН. On hydrogenation, each 
compound reacts with two molar equivalents of Нз. Ozonolysis of each compound yields the 
following fragments: 


D E 
1. Оз 1. Оз O H 
2. Zn, o 2. Zn, H9O* 
H3 © 
ч О И H HəC=0 + i 
3 О 


How many rings/double bonds do D and E have? What are the structures of D and E? 
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Multiple Choice: 


1. Which of the following molecules is not a nucleophile? 
(а) BH3 (D NH; (с) HO- (d) H2C-CH5 


2. Which of the following reactions probably has the greatest entropy increase? 
(a) addition reaction (b) elimination reaction (с) substitution reaction (d) rearrangement 


3. Ata specific temperature T, a reaction has negative AS? and Keg > 1. What can you say about 
AG? and AH?? 
(а) AG? is negative and ЛА is positive (b) AG? and A7? are both positive (c) AG? and AH? 
are both negative (d) AG? is negative but you can't predict the sign of ЛА. 


4. In which of the following situations is ЛС likely to be smallest? 
(a) a slow exergonic reaction (Б) a fast exergonic reaction (с) a fast endergonic reaction 
(d) a slow endergonic reaction 


5. What is the degree of unsaturation of a compound whose molecular formula is C11H13N? 
(a)4 (b) 5 (c)6 (47 


6. Two equivalents of Нә are needed to hydrogenate a hydrocarbon. It is also known that the 
compound contains two rings and has 15 carbons. What is its molecular formula? 
(a) CisH22 (b) CisH24 (c) CisHos. (d) C15H32 


7. What is the usual relationship between the heats of hydrogenation of a pair of cis/trans alkene 
isomers? 
(a) Both have positive heats of hydrogenation (b) Both have negative heats of 
hydrogenation, and AHhydrog for the cis isomer has a greater negative value (с) Both have 
negative heats of hydrogenation, and АНъуагов for the trans isomer has a greater negative 
value (d) Both have negative heats of hydrogenation, but the relationship between the two 
values of AHhydrog can't be predicted. 


8. Inatwo-step exergonic reaction, what is the relationship of the two transition states? 
(a) both resemble the intermediate (b) the first resembles the starting material, and the 
second resembles the product (c) the first resembles the intermediate and the second 
resembles the product (d) there is no predictable relationship between the two transition 
states 


9. For synthesis of an alcohol, acid-catalyzed hydration of an alkene is useful in all of the 
following instances except: 
(a) when an alkene has no acid-sensitive groups (b) when an alkene is symmetrical 
(c) when a large amount of the alcohol is needed 
(d) when two possible carbocation intermediates are of similar stability. 


10. Areaction that produces a diol from an alcohol is a: 
(a) hydration (b) hydrogenation (с) hydroboration (а) hydroxylation 
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Chapter Outline 


I. Introduction to alkynes (Section 9.1—9.2). 
A. Naming alkynes (Section 9.1). 
1. The rules for naming alkynes are like the rules for alkenes (Sec. 7.3), with a few 
exceptions. 
a. The suffix -yne is used for an alkyne. 
b. Compounds with both double bonds and triple bonds are enynes. 
c. When there is a choice in numbering, double bonds receive lower numbers than 
triple bonds. 
d. Compounds can also contain alkynyl groups. 
B. Preparation of alkynes (Section 9.2). 
1. Alkynes can be prepared by elimination reactions of 1,2-dihalides, using a strong 
base. 
2. The dihalides are formed by addition of X» to alkenes. 
3. Vinylic halides give alkynes when treated with a strong base. 
II. Reactions of alkynes (Sections 9.3—9.6). 
A. General principles (Section 9.3). 
1. Alkyne triple bonds result from the overlap of two sp-hybridized carbon atoms. 
a. One o bond and two z bonds are formed. 
2. The length (120 pm) and strength (965 kJ/mol) of a -C2C- bond make it the 
strongest carbon-carbon bond. 
3. Alkynes are somewhat less reactive than alkenes in electrophilic addition reactions 
B. Addition of X, and HX. 
1. HX adds to alkynes by an electrophilic addition mechanism. 
a. Addition of two equivalents of HX occurs if the acid is in excess. 
b. Addition occurs with Markovnikov regiochemistry and with trans 
stereochemistry. 
2. X» also adds in the same manner, and trans stereochemistry is observed. 
3. The intermediate in addition reactions is a vinylic carbocation, which forms less 
readily than an alkyl carbocation. 
4. Mechanisms of some alkyne addition reactions are complex. 
C. Hydration reactions of alkynes (Section 9.4). 
1. ME catalyzed additions. 
The —OH group adds to the more substituted carbon to give Markovnikov 
product. 
b. The intermediate enol product tautomerizes to a ketone. 
c. The mechanism is similar to that of addition to alkenes, but no NaBH; is 
necessary for removal of Hg. 
d. A mixture of products is formed from an internal alkyne, but a terminal alkyne 
yields a methyl ketone. 
2. Hydroboration/oxidation of alkynes. 
a. Hydroboration/oxidation of alkynes gives an intermediate enol product that 
tautomerizes to a carbonyl product. 
i. Hydroboration of a terminal alkyne gives an aldehyde. 
ii. Hydroboration of an internal alkyne gives a ketone. 
b. Hydroboration/ oxidation is complementary to Hg(II)-catalyzed hydration. 
D. Reduction of alkynes (Section 9.5). 
1. Complete reduction to an alkane occurs when H2/Pd is used. 
2. Partial reduction to a cis alkene occurs with H and a Lindlar catalyst. 
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3. Partial reduction with Li in NH3 produces a trans alkene. 
a. The reaction proceeds through an anion radical —> vinylic radical —> vinylic 
anion. 
b. The more stable trans vinylic anion is formed. 
E. Oxidative cleavage of alkynes (Section 9.6). 
1. O3 or KMnO, cleave alkyne bonds to produce carboxylic acids or CO» (terminal 
alkyne). 
2. Oxidative cleavage reactions were formerly used for structure determinations. 
III. Alkyne acidity (Sections 9.7—9.8). 
A. Formation of acetylide anions (Section 9.7). 
1. Terminal alkynes are weakly acidic (pK; = 25). 
2. Very strong bases ( NH2) can deprotonate a terminal alkyne, yielding an acetylide 
anion, 
3. Acetylide anions are stabilized by the large amount of "s character" of the orbital 
that holds the electron. 
B. Alkylation of acetylide anions (Section 9.8). 
1. Acetylide anions are strongly nucleophilic. 
2. Acetylide anions can react with haloalkanes to form substitution products. 
a. The nucleophilic acetylide anion attacks the electrophilic carbon of a haloalkane 
to produce a new alkyne. 
b. This reaction is called an alkylation reaction. 
c. Any terminal alkyne can form an alkylation product. 
3. Acetylide alkylations are limited to primary alkyl bromides and iodides. 
a. Acetylide ions cause dehydrohalogenation reactions with secondary and tertiary 
halides. 
IV. Organic synthesis (Section 9.9). 
A. Reasons for the study of organic synthesis. 
1. In the pharmaceutical and chemical industries, synthesis produces new molecules, 
or better routes to important molecules. 
2. In academic laboratories, synthesis is done for creative reasons. 
3. In the classroom, synthesis is a tool for teaching the logic of organic chemistry. 
B. Strategies for organic synthesis. 
1. Work backward from the structure of the product, but — 
2. Keep the structure of the starting material in mind. 


Solutions to Problems 


9.1  Therules for naming alkynes are almost the same as the rules for naming alkenes. The 
suffix -yne is used, and compounds containing both double bonds and triple bonds are - 
enynes, with the double bond taking numerical precedence. 


a 
(a) оз оњ (b) c 
CH4CHC = CCHCH3 ne 
CH3 


2,5-Dimethyl-3-hexyne 3,3-Dimethyl-1-butyne 
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© o O ay cu 
CHSCHoCC =CCH,CH2CH3 CHgCH»CC=CCHCHg 
CH3 CH3 
3,3-Dimethyl-4-octyne 2,5,5-Trimethyl-3-heptyne 
(e) (f) 


CH4CH — CHCH — CHC Z CCH4 


2,4-Octadien-6-yne 


6-Isopropylcyclodecyne (not 4,6-Octadien-2-yne) 
9.2 
CH4CH5CH5CH5C CH CH4CH5CH5C = CCHa CH3CH2C =CCH,CH3 
1-Hexyne 2-Hexyne 3-Hexyne 

ү T Ts 
CH3CH»CHC =CH CH3CHCH»C=CH CH3CHC=CCH3 
3-Methyl-1-pentyne 4-Methyl-1-pentyne 4-Methyl-2-pentyne 

ids 

CHgCC=CH 
CH3 


3,3-Dimethyl-1-butyne 
9.3  Markovnikov addition is observed with alkynes as well as with alkenes. 


(a) 
CHGCHSCH9CZCH + 2 Cl ————e — CH3CH5CH2CCISCHCI 
(b) 


ere 
[cen + 1 HBr ——> Ө 
Вг 


C 


Two products result from addition to an internal alkyne. 
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9.4 
H30* 
CH3CH3CH5C = CCH2CH2CH3 HgSO4 CH3CH2CH2CH2CCH2CH2CH3 
4 
This symmetrical internal alkyne yields only one product. 
T Ta 
CH3 CH4CH5CH5CH5CCH5CHCH3 
| H30* 
CH3CH2CH2CCH2CH2CHCH3 
Two ketone products result from hydration of 2-methyl-4-octyne. 
9.5 
(8) | OH 
Нз? | 
CH3CH3CH5C = CH HgSO4 CH3CH3CH5C —CH»o —ÓÓ CH3CH5CH5CCH5 
4 L 
(b) 


+ 


H4O || || 
СНзСН»С =CCH3 econ CH3CH5CCH5CH;5 + CH3CH5CH5CCH5 
4 
The desired ketone can be prepared only as part of a product mixture. 


9.6 Remember that hydroboration yields aldehydes from terminal alkynes and ketones from 
internal alkynes. 


О 
B 1. BH3, THF [ 
с=сн  ———— CH2CH 

2. H202, OH 


1. ВНЗ, THF [| 
(CHg)9CHCHCCH(CHg)o 


CH3)5CHC = CCH(CH ———————— 
riga ©9205 OH 
9.7 
(a) О 
Į 
Br C —CH Br CL 
H3O* CH3 
S 


HgSO, 
(b) 5 
1. BH3, THF 
нс=с Mail ee ayo: 
2. H202, ОН | 
H 
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9.8 


9.9 


9.10 
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The correct reducing reagent gives a double bond with the desired geometry. 


(a) 
" Li/NHa 
CH3CH5CH5SCH5CH5C =CCH3 ———7 
2-Octyne 
(b) 
Ho 
CH3CH2CH2C = CCH2CH3 Lindlar 
3-Heptyne 
(c) Li/NH3 
i 
CHgCHaCHC =CH or 
H2 
3-Methyl-1-pentyne Lindlar 


A base that is strong enough to deprotonate acetone must be the conjugate base of an acid 
weaker than acetone. In this problem, only Na* 


deprotonate acetone. 


Remember that the alkyne must be a terminal alkyne and the halide must be primary. More 


CHSCHSCHoCHoCHo H 
с=с 
/ N 
H CH3 


trans-2-Octene 


CH3CHəCH> CH2CH3 
с=с 
/ \ 
H H 
cis-3-Heptene 


ihe 
CH3CHaCHCH = СН» 


3-Methyl-1-pentene 


~C=CH is a base strong enough to 


than one combination of terminal alkyne and halide may be possible. 


Alkyne R'X (X=Br or I) 

(a) 

CH3CH»CH,C=CH CH3X 

or 

HC =CCH CH3CHsCH>X 
(b) 

(CH3)2CHC = CH CH3CH>X 
С 
© C=CH CH3X 


Products (b) and (c) can be synthesized by only one route because only primary halides can 


be used for acetylide alkylations. 


Product 


CH3CH5CH5C =CCHg 
2-Hexyne 


(СНз) СНС = CCH5CH4 
2-Methyl-3-hexyne 


C=CCH, 
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9.11 Thecis double bond can be formed by hydrogenation of an alkyne, which can be 
synthesized by an alkylation reaction of a terminal alkyne. 


H H 
= 1. NaNH», NH3 TES Но \ / 
CH3C=CH — — — ——- ОНС ССН ——— C=C 
2. CHBr, THF Lindlar / \ 
catalyst HgC CH3 


cis-2-Butene 


9.12 The starting material is CH3CH2CH2C=CCH2CH2CHs3. Look at the functional groups in 
the target molecule and work backward to 4-octyne. 


(a) To reduce a triple bond to a double bond with cis stereochemistry use Н with Lindlar 


catalyst. 
CHgCHsCHp ^ CHyCH2CHg 
Ho 
CH4CH5CH5C = CCHoCH5CH ————- C=C 
PUE ан Lindlar {СА 
catalyst H H 


cis-A-Octene 


(b) An aldehyde is the product of double-bond cleavage of an alkene with Оз. The starting 
material can be either cis-4-octene or trans-4-octene. 


CH3CHọCH> ^ CHpCHpCHg 


1. Оз // 
с=с os |. CH4CH2CH5C 
/ N 2. Zn, CH3CO5H \ 
H H H 
from (a) Butanal 


(c) Addition of HBr to cis-4-octene [part (a)] yields 4-bromooctane. 


CH3CH;CH? ^ CH;CH;CHg T ri 
r 
pc — —ÀP- .. CH4CH5CHSCHCH5CH5CH5CHs 
H H 4-Bromooctane 
from (a) 


Alternatively, lithium/ammonia reduction of 4-octyne, followed by addition of HBr, 
gives 4-bromooctane. 


(d) Hydration or hydroboration/oxidation of cis-4-octene [part (a)] yields 4-hydroxyoctane 
(4-octanol). 


1. Hg(OAc)s, H20 
——————- 


CH3CH2CHo CHO CHaCHs 2. NaBH, oH 
с=с ог CH4CH5CH5CHCH5CH5CH5CHs 
т SS 1. ВНз, THF 
H H CENE T 4-Hydroxyoctane 


-e 
2. H205, OH (4-Octanol) 
from (a) 
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(e) Addition of Cl, to 4-octene [part (a)] yields 4,5-dichlorooctane. 


HaCH;CH HaCHACH Clo Cl Cl 
CHgCH2CH ^ CH2CH2CHg a | | 
с=с, CH4CH5CH5CHCHCH5CH5CHs 
H H 4,5-Dichlorooctane 
from (a) 


(f) KMnO; cleaves 4-octyne into two four-carbon fragments. 


KMnO 
CHaCH2CH4C  CCH4CHSCH; T7 2 2 CH4CH;CH4CO;H 
3 


+ 
Butanoic acid 


9.13 The following syntheses are explained in detail in order to illustrate retrosynthetic logic — 
the system of planning syntheses by working backwards. 


(а) 1. An immediate precursor to CH3CH2CH2CH2CH2CH2CH2CH2CH2CH3 might be 
an alkene or alkyne. Try CgH;7C=CH, which can be reduced to decane by Н;/Ра. 


2. The alkyne CgH;7C=CH can be formed by alkylation of HC=C: Na* by CgH Br, 
]-bromooctane. 


3. НС=С: Na* can be formed by treatment of HC=CH with NaNH?, NH3. 


NaNH; ,o CaHy7Br H./Pd 
HC=CH — —* HC=C:~ Nat ————> OCgH470 CH — —— Decane 
NH3 THF 


CgH,7Br = 1-Bromooctane 


(b) 1. An immediate precursor to CH3CH2CH2CH2C(CHs3)3 might be 
HC=CCH2CH2C(CH3)3, which, when hydrogenated, yields 2,2-dimethylhexane. 


2. HC=CCH»CH>C(CH3)3 can be formed by alkylation of HC=C: Na” (from a.) 
with BrCH?CH5C(CH3)5. 


NaNH> 
HCÆCH ——> Ho-c:-Na" 
NH3 
НСС: Na 2. 2Ho 
BrCHoCHoC(CH3)3 THE. HC = CCH3CH5C(CH3)3 "Bd CH3CH2CH2CH2C(CH3)3 


2,2-Dimethylhexane 
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(c) 1. CH3CH;CH;CH;CH5;CHO can be made by treating CH3CH2CH2CH2C=CH with 
borane, followed by НО». 
2. CH3CH2CH2CH2C=CH can be synthesized from CH3CH2CH2CH>2Br and 
НС=С: Na’. 
NaNH> 
HC=CH ———> HCC: Nat 
NH3 
O 
CH3CH2CH2CHəBr _ 1. внз, THF | 
нс=С:—Ма* THF m Hexanal 
(d) 1. The desired ketone can be formed by mercuric-ion-catalyzed hydration of 1- 
heptyne. 
2. ]-Heptyne can be synthesized by an alkylation of sodium acetylide by 1- 
bromopentane. 
aNHo 
HC=CH ———> HCzC:- №? 
NH3 


H5SO4, НО 
E RE CHa3CH2CH2CH5CH2CCHs 
ш 2-Heptanone 


CH3CH5CH5CH5CH5C = CH 
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Visualizing Chemistry 


9.14 
ш, З СНз 
@ н | 
2 H5C —CHCH5CCH5CH3 
CH3 Lindlar | 
| catalyst CH3 
HC =CCHCCH2CH3 
| O CH 
we шушо CH т CCH>CH 
4,4-Dimethyl-1-hexyne HgSO, a 2S 
CH3 
(b) CH3 ghs 
CH4CHCH CH»CHCH 
(i) н, 3 N 2 / 2 3 
C C / Lind oe 
H H indlar 
s i catalyst H H 
CH4CHCH5C =CCH»CHCH, 
CH3 O CH, 
2,7-Dimethyl-4-octyne (ii) H3O* | | 
CH4CHCH5CH2CCH5CHCH3 
HgSO, 
9.15 
(а) СНз СНз О 
_ 1. ВНЗ, THF | | 
CHgCHCHeC=CH оон CHsCHCH2CH2CH 


4-Methyl-1-pentyne 


An aldehyde is formed by reacting a terminal alkyne with borane, followed by oxidation. 


| 
DTP 
Cl 


(b) 


с=сн 2 HCl, 
ether 


9.16 First, draw the structure of each target compound. Then, analyze the structures for a 


synthetic route. 


(а) OH CHo (5 


| \ 
CH3CHCH»CH —CH> 
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O 
[| 


НС = CHCH5CH5CCH; 
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(a) The left side and the right side might have double bonds as immediate precursors; the 
right side may result from a Simmons-Smith carbenoid addition to an alkene, and the left 
side may result from hydration of an alkene. Let's start with 3-bromo-1-propene. 


CHo CH3 
сн» И HCZC:- Nat ZS 
BrCHoCH —CHo пси) BrCHoCH — СН» — HC =CCHsCH — СН» 
Ho 
| Lindlar 
OH CH CH 
| 2 catalyst /Х 2 


1. Hg(OAc)s, H20 
e> E E 


\ 
CH3CHCH2CH —CH 
RITU 2 2. Мавы 


НС = CHCH»CH = СН» 


(b) The right side can result from Hg-catalyzed addition of H5O to a terminal alkyne. 


HC C: - Na* = 
H30* 


|| 
НС =CHCH2CH2CCH3 


9.17 It's not possible to form a small ring containing a triple bond because the angle strain that 
would result from bending the bonds of an sp-hybridized carbon to form a small ring is too 
great. 


Additional Problems 
Naming Alkynes 
9.18 


(a) " 


CH3CH2C =COCHg 
CH3 
2,2-Dimethyl-3-hexyne 
S (Ha rac 
CH3CH = CC =CCHCH3 


3,6-Dimethyl-2-hepten-4-yne 
(e) 


H2C= CHCH — CHC Z CH 
1,3-Hexadien-5-yne 
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(b) 


CH4C = CCH5C Z CCH2CH3 


2,5-Octadiyne 
© о 
HC =CCCH,C=CH 
бн 
3,3-Dimethyl-1,5-hexadiyne 
@ CH2CH3 
CHSCH;CHC =оононон, 
CHCH; СНз 


3,6-Diethyl-2-methyl-4-octyne 


200 


9.19 


Chapter 9 


(а) CH3 
CH4CH5CH5C =ссонуснз 
CH3 
3,3-Dimethyl-4-octyne 


(c) үз GHs 
CHCC =CÇCH; 
CH3 CH3 


2,2,5,5-Tetramethyl-3-hexyne 
(e) 
CH3CH = CHCH = CHC = CH 


3,5-Heptadien-1-yne 


(8) Снан 


CH3CH5CH5CH5CHC =CH 
3-sec-Butyl-1-heptyne 


(b) CH3 


| 
СНзС == СС = кытын =CH 
CH5CHs 
3-Ethyl-5-methyl-1,6,8-decatriyne 


d 
(d) он; 


as =CCH 
н нснз 
СН»СН»СН»СН» 
3,4-Dimethylcyclodecyne 
(f) сњо 
CH3CH C= CCH;C— CHCH ON 
CH3 


3-Chloro-4,4-dimethyl-1 -nonen-6-yne 


(h) 
FOH) rac 
CH4CH5CH5CHC = CCHCH3 


5-tert-Butyl-2-methyl-3-octyne 


9.20 (а) СНЗСН=СНС=СС=ССН=СНСН=СНСН=СН». 


1,3,5,11-Tridecatetraen-7,9-diyne 


Using E-Z notation: (3E,5E,11E)-1,3,5,11-Tridecatetraen-7,9-diyne 
The parent alkane of this hydrocarbon is tridecane. 

(b) CH3C=CC=CC=CC=CC=CCH=CH). 1-Tridecen-3,5,7,9,11-pentayne 
This hydrocarbon also belongs to the tridecane family. 


Reactions of Alkynes 


9.21 
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Pd/C 


CH5CH5CH5CHs 


Ho 
Lindlar 
C CH=CHs 
Sç 


| 
H 
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9.22 
(a) Br 
-— 1 equiv | M 
CH3CH5CH5CH5C =CH HBr CH3CH5CH5CH5C —CHo 
(b) CH3CH>CH>CH> CI 
= 1 equiv oOo / 
: (e H 
(c) 
H 
CH3CH3CH5CH5C = CH mal CH4CH2CH5CH5CH = СН» 
catalyst 
(d) 
=, 1: NaNH», NH3 pa 
(e) 
H20, H5S04 
CH3CH3CH3CH5C = CH = ” CH3CH2CH2CH2CCH3 
HgSO, 
(f) Cl 
m 2 equiv | 
CH34CH5CH5CH5C = CH тна Варна a 
СІ 
9.23 
(а) 
CHEM EH E Hg Je HaCHSCEISCHS 
H2 
CH4(CH5)4C2C(CH5)4CH., | ———- с=с 
аНЫ ЕНЕН. Tindar a А 
catalyst H H 
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(b) CH3CH>CH>CH> H 
= Li in NH3 ME и 
CH3(CH5)3C = C(CH5)3CH4 SS Pus 
H CH5CH5CH5CHs 
(©) CHCH CHCH хи 


1 equiv 
——————— 


Снз(Сно)зС == С(Снг)зСНз — 5; 
2 


ra =0 
Br CH2CH2CH2CH3 


(d) 


E 1. ВНз, THF 


——— ———À- . CH4CH5CH5CH5CH5CCH5CH5CH5CH 
2. НО», OH Эл el Ly a 2-727 2-7 8 


(e) 
H50, HSO 
CH3(CHs)3C =C(CH>)3CH3 EE ^ CH4CH5CHoCH2CH2CCH5CH5CHoCHs 
4 


(b = excess Ho 
CH3(CH5)34C = C(CH2)4CH3 ^ PdC CH3(CH2)gCH3 


9.24 Mixtures of products are sometimes formed since the alkynes are unsymmetrical. 


(a) 


EE 2 equiv 
CH3CHoCH9C-—CCH3 == 


CH3CH5CH5C(Br2)C(Br2)CH4 


Bro 
(b) гоа СС H Онно» ж 
ОНЗСН;СН;С=СОН8 — e” 6 * с=с, 
©) excess 
CH3CH5CH5C = ССНз Es CH3CH5CH5C(Bro)CHoCH4 
r 
* CH3CH2CH2CH2C(Br2)CH3 
(d) CHSCHQCHo H 
_ Li in NH3 Зе ёз ‚у 
CH3gCH»CH,C=CCH3 | ———»- с=с 
H CH3 
(e) 
H20, H2SO4 
CH3CH2CH9Cz:CCH4 | —— — À—— —- | CH3CH2CH2CCH5CH3 О 


HgSO4 T 


+ CH3CH2CH2CH2CCH3 
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9.25 Both KMnO, and O; oxidation of alkynes yield carboxylic acids; terminal alkynes give 
СО» also. In (a), (b), and (c), the observed products can also be formed by KMnO4 
oxidation of the corresponding alkenes. 


(а) KMnO4 
CH3(CH2)5C = CH + СНз(СН»)5СО»Н + СО» 
H30 
(b) C=CCHg COH 
KM nO4 
* — CH3COSH 
H30* 
(c) — 
KM nO, 
3 


Since only one cleavage product is formed, the parent hydrocarbon must have contained a 
triple bond as part of a ring. 


(d) BE 
| 


CH4CH — CCH2CH5C Z CH CH4CHO + CH3CCH,CH2CO>H + СО» 


1. O3 
—— — pe 
2. Zn, H9O* 


Notice that the products of this ozonolysis contain aldehyde and ketone functional groups, 
as well as a carboxylic acid and CO». The parent hydrocarbon must thus contain a double 


and a triple bond. 
O 
1. 103, || II 
2. Zn, 2.ZnHg05 HCCH3CH5CH5CH5CCO5H + СО» 
9.2 
uM 2. 2. CHaCH Br ~ ndr 
S ES catalyst 


Zn(Cu) 
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Organic Synthesis 


9.27 


Cl 
A HCI | 
RCHCHs 


A 1. ВНз, THF d 

- RCH2CH 
2. H202, OH 

1. NaNH», NH = 
R—C=C—Chg 
2. CH3Br 
О 

H20, Н2804 | 
HgSO4 


9.28 
(a) 


CH4CH5C Z CH 


H20, Нь5О„ 
————- 
HgSO, 


CH3CH»CCH3 


(b) 


_ 1. ВНз, THF 


———À———- | CH4CHSCHS5CHO 
2. НО», OH PEE 


(© C=CH C=CCHg 
1. NaNH», NH3 
R E ҢЫ; 


2. CH3Br 


(d) 


| 
C=CCH3 Cy „Н 


Ho m . 
— > 
Lindlar catalyst CH3 


(e) 


T KMnO, 
CH3CHsC=CH 


H ot CH3CH5CO5H + СО» 
3 


(f) 
Br 
CH3CH5CH5CH5CH — CH» CE CH3CH5CH5CH5CH(Br)CHBr 
one 1. 2 NaNH5, NH3 
2. H30* 


CH4CH5CH5CH5C = CH 
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9.30 


9.31 
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(a) 
-e Ho T O3 
CH4CH5CH5C CH —2—> CH4CH5CH5CH — CH; ————> СН.СНСН,СНО 
qup Lindlar Зетот 25 Zn, H3O0* 3 on 2 
catalyst CH5O 
(b) 
(CH4)&:CHCH4C =CH аы Аны. (CH4)&4CHCH4C =СОСН„СН 
dre 2 2. СНзСНрВг 3 2 eu 
Li in NH3 
H (CHoCHg 
с=с 
\ 


The product contains a cis-disubstituted cyclopropane ring, which сап be formed from a 
Simmons-Smith reaction of CHI with a cis alkene. The alkene with a cis bond can be 
produced from an alkyne by hydrogenation using a Lindlar catalyst. The needed alkyne can 
be formed from the starting material shown by an alkylation using bromomethane. 


Em 1. NaNH», NH3 c 
H2 
H H Lindlar catalyst 
bud 
H H 
E i `c c 
Hog ұн СН], EN 
CH3CH5CH5CH5 CH3 ————— CH3CH5CH5CH5 CH3 
Zn (Cu) 
| | 
Cx CHCHeBr C=CH 
CH 
2 Bro 2 KOH 
————- ————- 
CH5Clo 
1. ВНз, THF 
1. NaNHp, NH3 2. H202, OH 
и 2. CH3Br " 
Cy „СНз C=CCHg, CHCH 
Li in NH3 
| E — — ——- 


The trans double bond in the second target molecule is a product of reduction of a triple 
bond with Li in NH3, The alkyne was formed by an alkylation of a terminal alkyne with 
bromomethane. The terminal alkyne was synthesized from the starting alkene by 
bromination, followed by dehydrohalogenation. 
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9.32 


9,33 


Chapter 9 
(а) 20 
- 2 
CHaCH2CCH ы CHgCH2C(Clp)CHCly 
P 1,1,2,2- Tetrachlorobutane 
(b) 
Cl. „©! 
P 
снұсн,с==сн — P"? X. CHycH;CH— CH; EC. CHgCH2CH —CHo 
Lindlar KOH 
catalyst 1,1-Dichloro-2-ethyl- 
cyclopropane 


In all of these problems, an acetylide ion (or an anion of a terminal alkyne) is alkylated by a 
haloalkane. 


a 
B uso ees CHaCH»CH»C=CH 
=, >. EE == 
2. CH3CH2CH2Br а 


b 
( ) Ц 1. NaNH», NH3 A 1. NaNH», NH3 -— 

HC=CH ————2 13. CHCH C CH 2—3. CHCH C  CCH9CHS 
(с) 


HC=CH 2—36. (CHa32CHCH2CÆCH 


2. (СНд)»СНСНЬВг 
3/2 2 Hp, Lindlar catalyst 
or Liin NHa 


(CH3)4CHCH2CH — CH3 


онсньонзс= 6н. 18929103 CH4CH5CH5C Z CCHSCH5CH 
БЕСС 2. CHaCH2CH?Br cdd cri E. 
from (a) H20, H5SO4 

| HgSO4 


CH3CH2CH2CCH2CH2CH2CH3 
Hydroboration/oxidation can also be used to form the ketone from 4-octyne. 


(©) 1. NaNH>, NH3 


HC=CH CH3CH»CH»CH»C=CH 
2. CH3CH2CH2CH2Br 


1. BH3, THF 
2. Но», OH 
CH3CH5CH5CH5CH2CHO 
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9.34 
02 \ / 
CH3CHaC=CCHoCH3 — > C=C 
Lindlar catalyst / \ 
CH34CH»5 CH2CH3 
(b) D CHaCHs 
c Li in ND3 \ / 
CH3CHo D 
(c) NaNHo еу 
CH4CH5CH5C = CH TERIS [CH3CHaCH5C = C: 7 Nat —— CH3CH5CH5C — CD 
3 
(d) C=CH | C=C:—Nat* C-—CD 
NaNHp D3O* 
NH3 
Do, Lindlar catalyst 
9.35 
1. 2 NaNH5, NH 
HC=CH 235 


2. BrCHo(CHo)gCHoBr 


A dihalide is used to form the ring. 


9.36 Muscalure is a C23 alkene. The only functional group present is the double bond between 
Co and Со. Since our synthesis begins with acetylene, we can assume that the double 
bond can be produced by hydrogenation of a triple bond. 


== е I —————— 
2. CHa(CH5)gCHoBr a(CH2)7 2. CH3(CH9)44CH2Br 


CH3(CH5)gCHo  CH2(CH32)411CH3 
Н, \ / 
- C=C 
Lindlar / \ 


catalyst H H 
(Z)-9-Tricosene 


CH3(CH5)7C = C(CH2)42CH3 
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General Problems 


9.37 (a) An acyclic alkane with eight carbons has the formula CgH s. CgH10 has eight fewer 
hydrogens, or four fewer pairs of hydrogens, than CgH4sg. Thus, CgHj9 contains four 
degrees of unsaturation (rings/double bonds/triple bonds). 

(b) Because only one equivalent of Н» is absorbed over the Lindlar catalyst, one triple 
bond is present. 

(c) Three equivalents of H» are absorbed when reduction is done over a palladium catalyst; 
two of them hydrogenate the triple bond already found to be present. Therefore, one 
double bond must also be present. 

(d) СН уо must therefore contain one ring. 

(e) Many structures are possible. 


Cz CH 
HəC=CH <> C=CH 
НС =CHCHC =CH 
9.38 
CH2CH2CH3 
3 Ho 
Pd/C 
H B 
C `c O 
SS 1.0 
“CH a os plus other fragments 
2. Zn, H30 
j i 
C. 
1. NaNHp, NH3 SEG 
—————— 
2. CHI ^" CH 
C 
9.39 
8 Ho 
Pd/C 
шае 
H9C—CzCc—0Cz0C— CH, 
A 1. 03 2 HOSCCH5CH5COH 


+ 


2. Zn, HgO* 2 HO2C— COH 
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9.40 
(a) H Br 


LE RC UR DITS AIR кс 
CHoClo 


trans-5-Decene H,Br 
2 NaNH», NH3 


Me p 
AONI шә Мы чы. «5 к 
Lindlar 
cis-5-Decene catalyst 


(b) H Br 
Bro WAS 
BIO, aes МЫ Зы -e 
7 CH>Clo 
cis-5-Decene H Br 


2 NaNH», NH3 


Be LIMEN LAM. aN Li in NH3 „хе к= n 


trans-5-Decene 
9.41 
T ri үз 
1. HC=C:7 Nat H 
CHjCCH, LECT o o №0. нс=ос=сн 
2. H3O | H5SO, 


CH3 Ho 
CH, Lindlar catalyst 


НС = ССН = СН» 
2-Methyl-1,3-butadiene 


9.42 


I-- 
= 


сно сно Mestranol 
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9.43 
(ЖЕ 

HOA 
ton 7 О V4 

^ yo C = CH 
Egestas —— CH3CH5CH5CH5CH5CHC =CH 

H 
т" ү | 
H2 
CH3CHaCH»CHaCHaCHCH = CH5 dar CH3CH2CH2CH2CHəCHC = CH 
1-Octen-3-ol Catalyst 


The addition of acetylide occurs by the same route as shown in Problem 9.41. 


9.44 (1) Erythrogenic acid contains six degrees of unsaturation (see Sec. 7.2 for the method of 
calculating unsaturation equivalents for compounds containing elements other than C 
and H). 

(2) One of these double bonds is contained in the carboxylic acid functional group —CO2H; 
thus, five other degrees of unsaturation are present. 

(3) Because five equivalents of H» are absorbed on catalytic hydrogenation, erythrogenic 
acid contains no rings. 

(4) The presence of both aldehyde and carboxylic acid products of ozonolysis indicates that 
both double and triple bonds are present in erythrogenic acid. 

(5) Only two ozonolysis products contain aldehyde functional groups; these fragments 
must have been double-bonded to each other in erythrogenic acid. 
H2C=CH(CH2)4C= 

(6) The other ozonolysis products result from cleavage of triple bonds. However, not 
enough information is available to tell in which order the fragments were attached. The 
two possible structures are: 

A H;C-CH(CH5)4CsC-CsC(CH?)5;CO?H 


B H2C=CH(CH2)4C=C(CH2)7C=CCO2H 
One method of distinguishing between the two possible structures is to treat 
erythrogenic acid with two equivalents of H», using Lindlar catalyst. The resulting 
trialkene can then be ozonized. The fragment that originally contained the carboxylic 
acid can then be identified. (A is the structure of erythrogenic acid.) 


[P оңоңоңон, О 
B 
| 


9.45 


НӘ CHoCH5CCHs 
Pd/C К 
H20, Н50 
CHsC=CCH, ————— > + 
KMnO, | 
H30* CH5CCH5CH3 
HO2CCH 0 D 


CH — CHsCO5H * HOCCH3 
носсн, Ё 
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9.46 This reaction mechanism is similar to the mechanism of halohydrin formation. 


9.47 


Br —Br + Br 
g .. + Br. ZH 
св: C 
Z4 CH yw ll , H 
^ (i 
——- B H — > | 
1 Е 23 HAN 
:O—H PN 
ў :0—н 
ш. |] 
|| I 
om 
^" CHSBr OH 
ч —— 
4 + НО? 


Step 1: Attack of л electrons on Вг». 

Step 2: Opening of cyclic cation by H20. 

Step 3: Deprotonation. 

Step 4: Tautomerization (for mechanism, see Problem 9.48 and Section 9.4). 


л bonds 


л bonds 


This simplest cumulene is pictured above. The carbons at the end of the cumulated double 
bonds are sp?-hybridized and form one x bond to the "interior" carbons. The interior 
carbons are sp-hybridized; each carbon forms two x bonds — one to an "exterior" carbon 
and one to the other interior carbon. If you build a model of this cumulene, you can see that 
the substituents all lie in the same plane. This cumulene can thus exhibit cis-trans 
isomerism, just as simple alkenes can. 


In general, the substituents of any compound with an odd number of adjacent double 
bonds lie in a plane; these compounds can exhibit cis-trans isomerism. 
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9.48 


L 4 enol 

| | } | 

+ 

0/2 К N:O oF 
pw “ „+ 20 f D Зр | = D~ "р 


D. 
:O : О 
Cel zg ae apes 


HoC^ “СНз | 2C CH3 НС 


епо] 


Repeating this process five more times replaces all hydrogen atoms with deuterium atoms. 
The first line represents the mechanism for acid-catalyzed tautomerization of a ketone. 
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Chapter 10 — Organohalides 


Chapter Outline 


I. Names and properties of alkyl halides (Section 10.1). 
A. Naming alkyl halides. 
1. Rules for naming alkyl halides: 
a. Find the longest chain and name it as the parent. 
i. Ifadouble or triple bond is present, the parent chain must contain it. 
b. Number the carbon atoms of the parent chain, beginning at the end nearer the 
first substituent, whether alkyl or halo. 
c. Number each substituent. 
i. If more than one of the same kind of substituent is present, number each, 
and use the prefixes di-, tri-, tetra- and so on. 
ii. If different halogens are present, number all and list them in alphabetical 
order. 
d. Ifthe parent chain can be numbered from either end, start at the end nearer the 
substituent that has alphabetical priority. 
2. Some alkyl halides are named by first citing the name of the alkyl group and then 
citing the halogen. 
B. Structure of alkyl halides. 
1. Alkyl halides have approximately tetrahedral geometry. 
2. Bond lengths increase with increasing size of the halogen bonded to carbon. 
3. Bond strengths decrease with increasing size of the halogen bonded to carbon. 
4. Carbon-halogen bonds are polar, and many halomethanes have dipole moments. 
5. Alkyl halides behave as electrophiles in polar reactions. 
II. Preparation of alkyl halides (Sections 10.2—10.5). 
A. Radical halogenation of alkanes (Section 10.2). 
1. The sequence of steps: initiation, propagation, termination. 
2. Complications of radical halogenation. 
a. The reaction continues on to produce di- and polysubstituted products. 
b. If more than one type of hydrogen is present, more than one type of 
monosubstituted product is formed. 
c. The reactivity order of different types of hydrogen towards chlorination is: 
primary « secondary « tertiary. 
1. This reactivity order is due to the bond dissociation energies for formation 
of the alkyl radicals. 
ii. The stability order of alkyl radicals: primary « secondary « tertiary. 
B. Allylic bromination of alkenes (Sections 10.3—10.4). 
1. Reaction of an alkene with NBS causes bromination at the position allylic to the 
double bond (Section 10.3). 
2. This reaction occurs by a radical chain mechanism. 
a. Br abstracts an allylic hydrogen. 
b. The allylic radical reacts with Br» to form an allylic bromide, plus Вг. 
3. Reaction occurs at the allylic position because an allylic C-H bond is weaker than 
most other C-H bonds, and an allylic radical is more stable. 
4. Reasons for stability of an allylic radical (Section 10.4). 
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a. The carbon with the unpaired electron is sp^-hybridized, and its p orbital can 
overlap with the p orbitals of the double-bond carbons. 
b. The radical intermediate is thus stabilized by resonance. 
i. This stability is due to delocalization (spreading out) of the unpaired electron 
over an extended л network. 
c. Reaction of ће allylic radical with Br» can occur at either end of the л orbital 
system. 
1. A mixture of products may be formed if the alkene is unsymmetrical. 
ii. These products aren't usually formed in equal quantities: reaction to form 
the more substituted double bond is favored. 
d. Products of allylic bromination can be dehydrohalogenated to form dienes. 
C. Alkyl halides from alcohols (Section 10.5). 
1. Tertiary alkyl chlorides, bromides or iodides can be prepared by the reaction of a 
tertiary alcohol with НСІ, HBr or HI. 
a. Reaction of secondary or primary alcohols occurs under more drastic 
conditions, which may destroy other acid-sensitive functional groups. 
2. Primary and secondary alkyl chlorides and bromides can be formed by treatment of 
the corresponding alcohols with SOCI or РВтз, respectively. 
a. Reaction conditions are mild, less acidic, and are less likely to cause acid- 
catalyzed rearrangements. 
3. Alkyl fluorides can be prepared using either (CH3CH?2)2NSF;3 or HF in pyridine. 
III. Reactions of alkyl halides (Sections 10.6—10.7). 
A. ray ee reagents (Section 10.6). 
. Organohalides react with Mg to produce organomagnesium halides, RMgX. 
a. These compounds are known as Grignard reagents. 
2. Grignard reagents can be formed from alkyl, alkenyl and ary] halides. 
a. Steric hindrance is no barrier to formation of Grignard reagents. 
3. The carbon bonded to Mg is negatively polarized and is nucleophilic. 
4. Grignard reagents react with weak acids to form hydrocarbons. 
B. Organometallic coupling reagents (Section 10.7). 
1. Alkyl halides can react with Li to form alkyllithiums. 
2. These alkyllithiums can combine with Cul to form lithium diorganocopper 
compounds (R;CuLi), which are known as Gilman reagents. 
3. R;CuLi compounds can react with alkyl halides (except for fluorides) to form 
hydrocarbon products. 
4. Organometallic coupling reactions are useful for forming large molecules from 
small pieces. 
a. The reaction can be carried out on alkyl, vinyl and aryl halides. 
b. The mechanism is not a typical polar nucleophilic substitution. 
5. A related reaction is the Suzuki-Miyaura reaction — a palladium-catalyzed coupling 
of aryl or vinyl organotin reagents with organohalides. 
IV. Oxidation and reduction in organic chemistry (Section 10.8). 
A. In organic chemistry, an oxidation is a reaction that results in a loss in electron density 
by carbon. 
1. This loss may be due to two kinds of reactions: 
a. Bond formation between carbon and a more electronegative atom (usually O, N 
or halogen). 
b. Bond breaking between carbon and a less electronegative atom (usually H). 
2. Examples include chlorination of alkanes and reaction of alkenes with Br». 
B. A reduction is a reaction that results in a gain of electron density by carbon. 
1. This gain may be due to two kinds of reactions: 
a. Bond formation between carbon and a less electronegative atom. 
b. Bond breaking between carbon and a more electronegative atom. 
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2. Examples include conversion of a Grignard reagent to an alkane, and reduction of 


an alkene with Hp. 


C. Alkanes are at the lowest oxidation level, and СО» is at the highest level. 
D. A reaction that converts a compound from a lower oxidation level to a higher oxidation 


level is an oxidation. 


E. A reaction that converts a compound from a higher oxidation level to a lower oxidation 


level is an reduction. 


Solutions to Problems 


10.1 The rules that were given for naming alkanes in Section 3.4 are used for alkyl halides. A 
halogen is treated the same as an alkyl substituent but is named as a halo group. 


(а) ct. CH; CH4CHgI 


1-Iodobutane 


2 ons 


ы ne 


CH3 
1,5-Dibromo-2,2-dimethylpentane 
(e) | ÇH2CH2C1 
CH4CHCHCH5CHs 


1-Chloro-3-ethyl-4-iodopentane 


10.2 
(a) HaC Cl 
CHaCH2CHaC— CHOH 
CH, 


2-Chloro-3,3-dimethylhexane 
©) CH2CHs 
снгонусон;он» 
Br 


3-Bromo-3-ethylpentane 
(e) - 
CH; CH, CH;CH CH, GCH,CHOH, 
CH4CH5CHCH3 
4-sec-Butyl-2-chlorononane 


(b) CH3 
CH4CHCH5CH5CI 

1-Chloro-3-methylbutane 

© о 
СнзсснгснгсІ 


CI 
1,3-Dichloro-3-methylbutane 


CH3CHCHsCHsCHCH 


2-Bromo-5-chlorohexane 


(b) о нз 
онзонгоньс—Онсна 
Cl 


3,3-Dichloro-2-methylhexane 
(d) HG 


\ Br 
HC 

/ Br 
H3C 


1,1-Dibromo-4-isopropylcyclohexane 


(f) 
CH3)4C K 
(СНз) Вг 


1,1-Dibromo-4-tert-butylcyclohexane 
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10.3 
» Site of 
Product chlorination 
CH3 
CH3CH5CH5CHCH5CI a 
1-Chloro-2-methylpentane 
i 
CH3CH2CH2C(CH3)2 b 
2-Chloro-2-methylpentane 
Cl 
e d c b a Clo 4 | 
CH3CH3CH5CH(CH3)o EN CH3CH3CHCH(CH3)2 С 
У 
2-Methylpentane 3-Chloro-2-methylpentane 
¢ 
CH4CHCH5CH(CHg)o d 
2-Chloro-4-methylpentane 
CICHSCH5CH3CH(CH3)o e 
1-Chloro-4-methylpentane 
Chlorination at sites b and e yields achiral products. The products of chlorination at sites a, 
c and d are chiral; each product is formed as a racemic mixture of enantiomers. 
10.4 
a Type of -H a b e d 
H 
| Я Number of -H 6 1 2 3 
sra cea qr Chis of each type 
с а 
H Relative reactivity 1.0 5.0 3.5 1.0 
2-Methyl ae Number noes тошу 6.0 5.0 7.0 3.0 
Percent chlorination 29% 24% 33% 14% 
rac Ta 
CH3CH2CHCHCI + CHaCH2CCH3 
нз Ol 29% о 24% 
CH3CH9CHCH, === 
ECCE MEE CH3 CHs 
+  CHgCHCHCHS * СІСНСНСНСНз 


Cl 33% 14% 
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SOn 


10.6 
СН» 
Abstraction of hydrogen by 
a bromine radical yields an | Br- 
allylic radical. 
CH, 
The allylic radical reacts with 
Br, to produce A and B. | Bra 
Br 
СН» CHBr 
Product B is favored because reaction at the primary end of the allylic radical yields a 
product with a trisubstituted double bond. 
10.7 


CH3 


CH3 
_NBS 
о” Br 
Br 


5-Methylcycloheptene — 3-Bromo-5-methylcycloheptene — 3-Bromo-6-methyl- 
cycloheptene 
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b 22 
i CHs CH 
CH3C—CH=CHCH CH, CHa —CH =CHCH,CHg 
Br 
fils Yi 
РЕ CHgC—=CH—CHCH,CHg CHgC=CH — GHOH;CHs 
NBS 
CH3CHCH — CHCH2CH3 —> and — S 
Cc | сњ CHs 
hv 
CHgOHCH—CH—CHOHg | Снубнсн=сн—нСн$ 
| Вг 
нз CH3 
онұонон—он=онснз | CHCHOH —CH=CHCH; 
Br 


Two different allylic radicals can form, and four different bromohexenes can be produced. 


10.8 Remember that halogen acids are used for converting tertiary alcohols to alkyl halides. 
PBr3 and SOCI, are used for converting secondary and primary alcohols to alkyl halides. 
(CH3CH2)2NSF3 and HF in pyridine can be used to form alkyl fluorides. 


(a) CH3 CH3 
CH cH Ol e CH 
2 3 ether 3 3 
OH Cl 
(b) он CHg ы сн 
снзснснгСнснз -zme CH3CHCHCHCH, 
P (Ha GHs 
PBr 
HOCHsCHaCHaCHsCHCH3 me BrCHoCH5CH5CHoCHCH;3 
(d) OH F 


p HF мү 
LI AN. 
pyridine 
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10.9 Table 9.1 shows that the pK; of CH5-H is 60. Since CH; is a very weak acid, :CH3 is a 
very strong base. Alkyl Grignard reagents are similar in base strength to :CH3, but 
alkynyl Grignard reagents are somewhat weaker bases. Both reactions (a) and (b) occur as 


written. 
(a) 
CH3MgBr + H—C=C—H —— > CH4 + H—C=C—MgBr 
stronger stronger weaker weaker 
base acid acid base 
(b) 
stronger stronger weaker weaker 
base acid acid base 


10.10 Just as Grignard reagents react with proton donors to convert R-MgX into R-H, they also 
react with deuterium donors to convert R-MgX into R-D. In this case: 


Br MgBr D 
CH3CHCH2CH3 аер CH3CHCH2CH3 ——- CH3CHCH2CH3 


10.11 (a) The methyl group has an allylic relationship to the double bond. Thus, an 
organometallic coupling reaction between 3-bromocyclohexene and lithium dimethylcopper 
gives the desired product. 3-Bromocyclohexene can be formed by allylic bromination of 
cyclohexene with NBS. 


— Вг ———— CH3 
CCly 
hv 


3-Methylcyclohexene 


(b) We are asked to synthesize an eight-carbon product from a four-carbon starting 
material. Thus, an organometallic coupling reaction between 1-bromobutane and lithium 
dibutylcopper gives octane as the product. The Gilman reagent is formed from 1- 
bromobutane. 


4 Li 
2 CHaCH»sCHsCH»Br ——— 2 CHaCHsCHoCHoLi CH4CH5CHoCH»o)5Cu ш? 
guasto SE Santana BCH2CH2CH2Li не; (CH3CH2CH2CH9)2 


+ 2 LiBr + Lil 
CH3CH2CH2CHəBr + (CH3CH2CH5CH5)sCu Li* Sor CH3(CH2)gCH3 + LiBr 
Octane 
+ CH3CH5CH5CH5Cu 
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(c) The synthesis in (b) suggests a route to the product. Decane can be synthesized from 1- 
bromopentane and lithium dipentylcopper. 1-Bromopentane is formed by hydroboration of 
1-pentene, followed by treatment of the resulting alcohol with PBr3. 


1. BH3, THF 
= 


CH34CH5CH5CH — CH5 2 H207 "OH 


CH3CH5CH5CH5CH5OH 
| РВгз› ether 
CH3CH2CH2CH2CHəBr 


pentane 
| Сир ether 


(CHaCH2CH5CHo5CH5)sCu Li* + Lil 


CH3CH2CH2CH2CHəBr + (CH3CH2CH2CH2CH») Cu Li* Chef. CH3(CH2)gCHs3 
Decane 
+ LiBr + CH34CH5CH5CH5CH»5Cu 


10.12 (a) As described in Worked Example 10.2, the oxidation level of a compound can be found 
by adding the number of C—O, C-N, and C-X bonds and subtracting the number of С-Н 
bonds. Cyclohexane, the first compound shown, has 12 С-Н bonds, and has an oxidation 
level of -12. Cyclohexanone has 2 C—O bonds (from the double bond) and 10 С-Н 
bonds, for an oxidation level of —8. 1-Chlorocyclohexene has опе C—Cl bond and 9 С-Н 
bonds, and also has an oxidation level of —8. Benzene has 6 C—H bonds, for an oxidation 
level of —6. 


In order of increasing oxidation level: 


ооо 


b 
(0) CH4CH5NH5 < HaNCH,CH2NH> < CH4CN 
oxidation level = —4 oxidation level = —2 oxidation level = 0 


10.13 (a) The aldehyde carbon of the reactant has an oxidation level of 1 (2 C—O bonds minus 1 
C-H bond). The alcohol carbon of the product has an oxidation level of -1 (1 C—O bond 
minus 2 C-H bonds). The reaction is a reduction because the oxidation level of the product 
is lower than the oxidation level of the reactant. 

(b) The oxidation level of the upper carbon of the double bond in the reactant changes from 
0 to +1 in the product; the oxidation level of the lower carbon of the double bond changes 
from 0 to —1. The total oxidation level, however, is the same for both product and reactant, 
and the reaction is neither an oxidation nor a reduction. 
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Visualizing Chemistry 


10.14 
a b 
(a) (b) сњ 
Cl CH3 
cis-1-Chloro-3-methylcyclohexane 
10.15 
(a) Г нз 7 
e d 
| NBS 
CH4C = CHCH2CH5CH5 dann 
В -2- i "CH 
2-Methyl-2-hexene cls Г 2 
CH3C = CHCH2CH5CH3 
Tac | 


(b) | 
2-0 £ Ai 
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CH3C = CHCHCH,CH»CH, 


4-Chloro-2-methyl-2-heptene 


on 


+ 


Tre 
Poe =CHCH2CH3 
Br 
+ 


et 
CH3C = CHCH2CH2CH3 


+ 
нс Вг 


Вг 


Вг 


10.16 The name of ће compound is (R)-2-bromopentane. Reaction of (S)-2-pentanol with РВгз 
to form (R)-2-bromopentane occurs with a change in stereochemistry because the 


configuration at the chirality center changes from S to R. 
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Additional Problems 


Naming Alkyl Halides 


10.17 
ыу. qe 2 | 
CH3CHCHCHCH,CHCH3 CH4CH =CHCH2CHCH3 
3,4-Dibromo-2,6-dimethylheptane 5-Iodo-2-hexene 
D Crees i CHBr 
Оа снуснонсн,онсна 
СНз 
2-Bromo-4-chloro-2,5-dimethylhexane 3-(Bromomethy])hexane 
CICH»CH,CH,C =CCH,Br 
1-Bromo-6-chloro-2-hexyne 
10.18 
(a) сз о (b) T 
CHgCHaCHCHCHCHs CHgCHaGCHpCHCHs 
Cl CH5CH5 
2,3-Dichloro-4-methylhexane 4-Bromo-4-ethyl-2-methylhexane 
©) CH3 | CH3 «) НН 
онус — снос, 
СНз СНз Br CH2CH3 
3-Iodo-2,2,4,4-tetramethylpentane cis-1-Bromo-2-ethylcyclopentane 
10.19 
BEEN i 
CH3CH»CHCH,C! + CHaCH2CCH + 


[is 


Clo 1-Chloro-2-methylbutane 


CH3 
2-Methylbutane * | 
CHaÇHCHCH3 


CI 
2-Chloro-2-methylbutane 


m 
+ CICH2CH2CHCH3 


CI 
2-Chloro-3-methylbutane 1-Chloro-3-methylbutane 


Two of the above products are chiral (chirality centers are starred). None of the products 
are optically active; each chiral product is a racemic mixture. 
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Organohalides 


Synthesizing Alkyl Halides 
xi^ 


a 


Chlorocyclopentane 


ea UE ca 2CuLi d as 


Methylcyclopentane 


or 
= Q 


^v  3.Bromocyclopentene 


1. Hg(OAc)a, HO - on 
2. 2.NaBH, 

Cyclopentanol 
Hydroboration/oxidation can also be used to form cyclopentanol. 


2L L Li Li 
“pentane 
Coe 


Cul y CuLi dics ALS from (b) 
“ether ^ ether 


Cyclopentylcyclopentane 


[em 
‘oO 
on 
Q 


(D в 


from (c) 1,3-Cyclopentadiene 
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“ы 
a) ныс OH HaC Br 
+ HaO 
er Ether 2 
(b) 5001 
CH34CH5CH5CH5OH LM CH4CH5CH5CH5CI 
(c) 


Br 
+ 


The major product contains a tetrasubstituted double bond, and the minor product contains 
a trisubstituted double bond. 


Br 
_PBr3 
“Ether 


Br MgBr 
CH3CH5CHCH3 Rp mw CH3CH5CHCH3 = CH3CH2CH2CH3 
Ether A B 


Br 


(e) 


(f) 


Li 


. Cul | 
Репїапе 2 ОНЗСН;СН;СН! аа р 


А 


(8) 
CH3CH2CH2CH2Br * (CH3)oCuLi ENSE CH3CH2CH2CH2CH3 + CH3Cu + LiBr 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


Organohalides 225 


10.22 Abstraction of hydrogen by Bre can produce either of two allylic radicals. The first radical, 
resulting from abstraction of a secondary hydrogen, is more likely to be formed. 


CH3CHCH =CHCH3 = CH3CH-— CHCHCHg (identical resonance forms) 
and 


СНЗСНСН=СНСН ж CH4CHSCHCH Сн, 


Reaction of ће radical intermediates with a bromine source leads to a mixture of products: 


Br 
| 
CH3CHCH =CHCH3 cis- and trans-4-Bromo-2-pentene 
and 
CH3CH5CH = CHCHe2Br cis- and trans-1-Bromo-2-pentene 
ju and 
CH3CH5CHCH =СН» 3-Bromo-1-pentene 


The major product is 4-bromo-2-pentene, instead of the desired product, 1-bromo-2- 
pentene. 


10.23 Three different allylic radical intermediates can be formed. Bromination of these 
intermediates can yield as many as five bromoalkenes. This is definitely not a good 
reaction to use in a synthesis even if the products could be separated. 


Br 
CH3 ^ CH3 CH3 
NBS 
— ÀH ——— 
ett s 
" hv 


(allylic — secondary hydrogen abstracted) 3-Bromo-2-methylcyclohexene 


r 8 CH 
CH3 . — CH3 CH3 3 
NBS Er 
< — + 
CCl4 
Lo a J hv 
(allylic — secondary hydrogen abstracted) Br 
3-Bromo-1-methyl- 3-Bromo-3-methyl- 
cyclohexene cyclohexene 
NBS 
>» —- + 
, СС 
L J hv Br 
(allylic — primary hydrogen abstracted)  1-(Bromomethyl)- 2-Bromomethylene- 


cyclohexene cyclohexane 
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10.24 
NBS 


NBS 


CH4CH — CHCH4CH — CH; 
fav CCl, һу CCl, 


CHsCH=CHCHsCH=CHp 


HoC=CHCHCHsCH=CHp 


| Bra 


CH3CH — CHCHCH — CH; 


| 


CH3CH = CHCH = CHCH» 


| CHCHCH —CHCH-— CH, | 


BrCH5CH = CHCH5CH — CH; | Bro 


6-Bromo-1,4-hexadiene 
CH4CH = CHCH = CHCH;Br 
1-Bromo-2,4-hexadiene 
| 


t er 


3-Bromo-1,5-hexadiene CH3CH =CHCHCH =CH, 
3-Bromo-1,4-hexadiene 
P. 
CH4CHCH —CHCH =CH> 
5-Bromo-1,3-hexadiene 
The intermediate on the right is more stable because the unpaired electron is delocalized 


over more atoms than in the intermediate on the left, and the resulting products should 
predominate. 


10.25 Two allylic radicals can form: 


H H H H H H 
\/ | \ / | 
scd ирен бз a 
Н H H H 
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The second radical is much more likely to form because it is both allylic and benzylic, and 
it yields the following products: 


H Br H H H Br 
Р; | 7 
C C 
М 2 “сна SA “сн; 


Oxidation and Reduction 


10.26 Remember that the oxidation level is found by subtracting the number of C-H bonds from 
the number of C—O, C-N, and C-X bonds. The oxidation levels are shown beneath the 
structures. In order of increasing oxidation level: 


(a) О О 
Д || 
CH3CH=CHCH3, CH4CH5CH-—CHs« CH4CHSCH;CH < CH3CH»CH»COH 
-8 -8 -6 -4 
(b) Q 
CH3CH53CH3NH», CH3CH3CH2Br < BrCHoCHo5CH^5CI < CH3CCH2C! 
-6 -6 -4 -2 


10.27 
О 
9 О 
жы Se D x SS 
-6 -6 -4 -6 -6 
All of the compounds except 3 (which is more oxidized) have the same oxidation level. 


10.28 (a) This reaction is an oxidation. 


(b) The reaction is neither an oxidation nor a reduction because the oxidation level of the 
reactant is the same as the oxidation level of the product. 


(c) This reaction is a reduction. 
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General Problems 


10.29 Table 6.3 shows that the bond dissociation energy for CeH5CH2-H is 375 kJ/mol. This 
value is comparable in size to the bond dissociation energy for a bond between carbon and 
an allylic hydrogen, and thus it is relatively easy to form the CoH5CH» radical. The high 
bond dissociation energy for formation of СН5•, 472 kJ/mol, indicates the bromination on 
the benzene ring will not occur. The only product of reaction with NBS is CoH5CH5Br. 


10.30 
1 | | 1 1 
С: С ^ C C С 
g= CO OF CI Ё 
cO i ur cd E <=> 
10.31 
(a) + 
CH3CH =CHCH=CHCH=CHCH, "Ox ге 
Н == — 
|с 
CH4CH — CHCH — CHCHCH — CH; 
‚| 
CH3CH — CHCHCH — CHCH — CH; PN D 
‚О 
CH4CHCH — CHCH — CHCH — CH; 
(c) + "PN = + ES + "+" an 
CH3C=N—O: = CH3C=N=O = CH3C=N—O: 
10.32 
CH5CH5CHs кз, CH2CH2CH3 
S Bro R S 
а Ut Br-7 4^ CH us 
CH5CH3 CH5CH3 CH2CH3 


Abstraction of a hydrogen atom from the chirality center of (S)-3-methylhexane produces 
an achiral radical intermediate, which reacts with bromine to form a 1:1 mixture of R and 5 
enantiomeric, chiral bromoalkanes. The product mixture is optically inactive. 
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10.33 
HH ©з HCI CHa ан ©з 
w R w IR wW In 
H c^ "c" vn ВЕ 27 H an "c" vn + H FT MES 
3 A^ Cl hv 3 A Cl 3 A^ Cl 
HH HH HH 


+ other products 


Abstraction of a hydrogen atom from carbon 4 yields a chiral radical intermediate. Reaction 
of this intermediate with chlorine does not occur with equal probability from each side, and 
the two diastereomeric products are not formed in 1:1 ratio. The first product is optically 
active, and the second product is a meso compound. 


10.34 All these reactions involve addition of a dialkylcopper reagent [(CH3CH2CH CH?) CuLi] 
to the same alkyl halide. The dialkylcopper is prepared by treating 1-bromobutane with 
lithium, followed by addition of Cul: 


4 Li Cul 
2 CHeCH»CH»sCH»Br ————> 2 CHeCHsCH »CHoLi ———» (CH4CH53CH53CH5o)5CuLi 
ge DU el а ЗНАНА Sher (CH3CH2CH2CH9)2 


(a) > 
HBr 
———» 


(b) OH Br CH2CH2CH2CH3 
PBr3 > (CH3CH5CH35CH»5)2CuLi 
aH 
Ether 


(c) Butylcyclohexane 
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10.35 (a) Fluoroalkanes don't usually form Grignard reagents. 


(b) Two allylic radicals can be produced. 


Bt ОН) CH» 
et X 

CH3 CH3 

CH» CH» 
CI X 

* ~CHg CH3 

Instead of a single product, as many as four bromoalkene products may result. 

(c) Dialkylcopper reagents don't react with fluoroalkanes. 


10.36 A Grignard reagent can't be prepared from a compound containing an acidic functional 
group because the Grignard reagent is immediately quenched by the proton source. For 
example, the -CO2H, -ОН, —NH2, and RC=CH functional groups are too acidic to be 
used for preparation of a Grignard reagent. BrCH2CH2CH2NH> is another compound that 
doesn't form a Grignard reagent. 


10.37 
= is + Е 
Nm OCH, E 
r 

A -— A. Br: — 
oe H H 
OCH, or 

H —Br: Е 
OCH3 
B 
+ 


Reaction of the ether with HBr can occur by either path A or path B. Path A is favored 
because its cation intermediate can be stabilized by resonance. 
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10.38 
(C4Hg)gSnH 
(C4Hg)3Sn » + RX 


(C4Hg)gSnH + В: 
10.39 


2 “СНз 1. ВН, THE 
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hv 
———- (C4Hg)3Sn + Н 
—- (C4Hg)gSn* + RH 
OH Br 
a b 
СНз PBr3 CH3 
————- 
2. НО», OH 
(CH3)5CuLi | € 
ae CH3 
CH3 


10.40 As we saw in Chapter 7, tertiary carbocations (R3C*) аге more stable than either secondary 
or primary carbocations, due to the ability of the three alkyl groups to stabilize positive 
charge. If the substrate is also allylic, as in the case of НС=СНС(СНз),Вг, positive 
charge can be further delocalized. Thus, HyC=CHC(CH3) Br should form a carbocation 
faster than (CH3)3CBr because the resulting carbocation is more stable. 


10.41 
T Sec 
CH3 
10.42 
R—O: 


alkoxide ion 


H...., H A 
О 
Qe o у. Jis 
НСС ———— cme ers а= Hoe ЖБ 
CH3 H3C or CH3 
уа N + 
“Br: „О + H30 
H"CH 
you 7 
R—C -———» R—C 
\ \ 
(20: To ER 


carboxylate ion 


Carboxylic acids are more acidic than alcohols because the negative charge of a carboxylate 
ion is stabilized by resonance. This resonance stabilization favors formation of carboxylate 
anions over alkoxide anions, and increases K, for carboxylic acids. Alkoxide anions are 
not resonance stabilized. 
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10.43 The Suzuki-Miyaura reaction is a Pd-catalyzed coupling reaction between an aromatic 
boronic acid and an aromatic (or vinyl) halide. Two possible coupling reactions can yield 
the target product. 


CH4O B(OH)» CH30 Br 
OCH, 


CO5CH3 CO5CH3 
Pd catalyst Pd catalyst 
d catalys CH40 d catalys 


OCHs OCH; 
CO,CH3 


Br (OH) 5B 


Other halogens can also be used. 
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Chapter 11 — Reactions of Alkyl Halides: 


Nucleophilic Substitutions and Eliminations 


Chapter Outline 


I. Substitution Reactions (Sections 11.1—11.6). 
А. Sw2 reactions (Sections 11.1—11.3). 
1. The discovery of 532 reactions (Section 11.1). 
a. Walden discovered that (+) malic acid and (—) malic acid could be interconverted 
(Section 11.1). 
b. This discovery meant that one or more reactions must have occurred with 
inversion of configuration at the chirality center. 
c. Nucleophilic substitution of tosylate ion by acetate ion occurs with inversion of 
configuration. 
i. Nucleophilic substitution reactions of primary and secondary alkyl halides 
always proceed with inversion of configuration. 
2. The 5342 reaction (Section 11.2). 
a. Kinetics. 
1. The kinetics of a reaction measure the relationship between reactant 
concentrations and product concentrations and the rate of reaction. 
п. In an Sy? reaction, reaction rate depends on the concentration of both alkyl 
halide and nucleophile (bimolecular reaction). 
(a). This type of reaction is a second-order reaction. 
iii. In a second-order reaction, rate =k x [RX] x [Nu]. 
(a). The constant, k, is the rate constant. 
b. Mechanism. 
i. The reaction takes place in a single step, without intermediates. 
ii. The nucleophile attacks the substrate from a direction directly opposite to the 
leaving group. 
(a). This type of attack accounts for inversion of configuration. 
lii. In the transition state, the new bond forms at the same time as the old bond 
breaks. 
iv. Negative charge is shared between the attacking nucleophile and the leaving 
group. 
v. Inthe transition state, the three remaining bonds to carbon are in a planar 
arrangement. 
vi. Both substrate and nucleophile are involved in the step whose rate is 
measured. 
3. Characteristics of the Sj2 reaction (Section 11.3). 
a. Changes in the energy levels of reactants or of the transition state affect the 
reaction rate. 
b. Changes in the substrate. 
i. Reaction rate is decreased if the substrate is bulky. 
ii. Substrates, in order of increasing reactivity: tertiary, neopentyl, secondary, 
primary, methyl. 
ш. SN2 reactions can occur only at relatively unhindered sites. 
iv. Vinylic and aryl halides are unreactive to 542 substitutions. 
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c. Changes in the nucleophile. 

i. Any species can act as a nucleophile if it has an unshared electron pair. 
(a).If the nucleophile has a negative charge, the product is neutral. 

(a).If the nucleophile is neutral, the product is positively charged. 

ii. The reactivity of a nucleophile is dependent on reaction conditions. 

iii. In general, nucleophilicity parallels basicity. 

iv. Nucleophilicity increases going down a column of the periodic table. 

v. Negatively charged nucleophiles are usually more reactive than neutral 
nucleophiles. 

d. Changes in the leaving group. 

i. Ingeneral, the best leaving groups are those that best stabilize negative 
charge. 

ii. Usually, the best leaving groups are the weakest bases. 

iii. Good leaving groups lower the energy of the transition state. 

iv. Poor leaving groups include F , НОГ. КОТ, and FbN . 

(a).Poor leaving groups can be converted to better leaving groups. 
e. Changes in the solvent. 

i. Polar, protic solvents slow Sy2 reactions by lowering the reactivity of the 
nucleophile. 

ii. Polar, aprotic solvents raise the ground-state energy of the nucleophile and 
make it more reactive. 

f. Asummary: 

i. Steric шийше in the substrate raises the energy of the transition state, 
increasing AG*, and decreasing the reaction rate. 

ii. More reactive nucleophiles have a higher ground-state energy, decreasing 
АС“, and increasing the reaction rate. 

iii. Good leaving groups decrease the energy of the transition state, decreasing 
AG*, and increasing the reaction rate. 

iv. Polar protic solvents solvate the nucleophile, lowering the ground-state 
energy, increasing AG*, and decreasing the reaction rate. Polar aprotic 
solvents don't solvate the nucleophile, raising the ground-state energy, 
decreasing AG®, and i increasing the reaction rate. 

B. Syl Reactions (Sections 1. 4—11.5). 
1. The 5341 reaction (Section 11.4). 
a. Under certain reaction conditions, tertiary halides are much more reactive than 
primary and methyl halides. 
1. These reactions must be occurring by a mechanism other than 52. 
b. Kinetics of ће Sy1 reaction. 

i. The rate of reaction of a tertiary alkyl halide with water depends only on the 
concentration of the alkyl halide (unimolecular reaction). 

ii. The reaction is a first order process, with reaction rate = k x [RX]. 

iii. The rate expression shows that only RX is involved in the slowest, or rate- 
limiting, step, and the nucleophile is involved in a different, faster step. 

iv. The rate expression also shows that there must be at least two steps in the 
reaction. 

v. Inan Syl reaction, slow dissociation of the substrate is followed by rapid 
reaction with the nucleophile. 

c. Stereochemistry of Syl reactions. 

1. An Syl reaction of an enantiomer produces racemic product because an Sy 1 

reaction proceeds through a planar, achiral intermediate. 
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п. Few Syl reactions proceed with complete racemization. 

iii. The ion pair formed by the leaving group and the carbocation sometimes 
shields one side of the carbocation from attack before the leaving group can 
diffuse away. 


2. Characteristics of the Sy1 reaction (Section 11.5). 


a. 
b. 


As in $32 reactions, factors that lower AG? favor faster reactions. 

Changes in the substrate. 

i. The more stable the carbocation intermediate, the faster the Sy1 reaction. 

ii. Substrates, in order of increasing reactivity: methyl, primary, secondary and 
allyl and benzyl, tertiary. 

ш. Allylic and benzylic substrates are also reactive in 52 reactions. 

Changes in the leaving group. 

i. The best leaving groups are the conjugate bases of strong acids. 

п. In Syl reactions, water can act as a leaving group. 

Changes in the nucleophile have no effect on Sy1 reactions. 

Changes in the solvent. 

i. Polar solvents (high dielectric constant) increase the rates of 51 reactions. 

ii. Polar solvents stabilize the carbocation intermediate more than the reactants 
and lower AG*. 

iii. Polar solvents stabilize by orienting themselves around the carbocation, 
with electron-rich ends facing the positive charge. 

A summary: 

1. The best substrates are those that form stable carbocations. 

ii. Good leaving groups lower the energy of the transition state leading to 
carbocation formation and increase the reaction rate. 

iii. The nucleophile doesn't affect the reaction rate, but it must be nonbasic. 

iv. Polar solvents stabilize the carbocation intermediate and increase the reaction 
rate. 


C. Biological substitution reactions (Section 11.6). 
1. Both Sy1 and Sy2 reactions occur often in biochemical pathways. 
2. In Syl reactions, the leaving group is often an organodiphosphate. 
3. 542 reactions are involved in biological methylations. 
II. Elimination reactions (Sections 11.7—11.11). 
A. Introduction (Section 11.7). 
1. In addition to bringing about substitution, a basic nucleophile can also cause 
elimination of HX from an alkyl halide to form a carbon-carbon double bond. 
2. A mixture of double-bond products is usually formed, but the product with the 
more substituted double bond is the major product. 


a. 


This observation is the basis of Zaitsev's rule. 


3. Double-bond formation can occur by several mechanistic routes, but at this point, 
we will study only three mechanisms. 
B. The E2 reaction (Sections 11.8-11.9). 
1. General features (Section 11.8). 


An E2 reaction occurs when an alkyl halide is treated with strong base. 

The reaction occurs in one step, without intermediates. 

E2 reactions follow second-order kinetics. 

E2 reactions show the deuterium isotope effect . 

i. Inareaction in which a C-H bond is cleaved in the rate-limiting step, 
substitution of -D for —H results in a decrease in rate. 

п. Because this effect is observed in E2 reactions, these reactions must involve 
C-H bond breaking in the rate-limiting step. 
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e. E2reactions always occur with periplanar geometry. 

i. Periplanar geometry is required because of the need for overlap of the sp 
orbitals of the reactant as they become л orbitals in the product. 

ii. Anti periplanar geometry is preferred because it allows the substituents of 
the two carbons to assume a staggered relationship. 

iii. Syn periplanar geometry occurs only when anti periplanar geometry isn't 
possible. 

f. The preference for anti periplanar geometry results in the formation of double 
bonds with specific E,Z configurations. 

2. Hlimination reactions and cyclohexane conformations (Section 11.9). 

a. The chemistry of substituted cyclohexanes is controlled by their conformations. 

b. The preference for anti periplanar geometry for E2 reactions can be met only if 
the atoms to be eliminated have a trans-diaxial relationship. 

c. Neomenthyl chloride reacts 200x faster than menthyl chloride because the 
groups to be eliminated are trans diaxial in the most favorable conformation, 
and the Zaitsev product is formed. 

d. For menthyl chloride, reaction must proceed through a higher energy 
conformation, and non-Zaitsev product is formed. 

C. The El and Е1СВ reactions (Sections 11.10-11.11). 

1. An El reaction occurs when the intermediate carbocation of an Sy1 loses Н? to 
form a C=C bond. 

2. El reactions usually occur in competition with Sy1 reactions. 

3. El reactions show first-order kinetics. 

4. There is no geometric requirement for the groups to be eliminated, and the most 

T 

1 


3 


stable (Zaitsev) product is formed. 
he ElcB reaction (cB = conjugate base). 
The ElcB reaction takes place through a carbanion intermediate. 
2. The rate-limiting step involves base-induced abstraction of a proton. 
3. Often the leaving group is poor. 
4. A carbonyl group stabilizes the anion. 
5. The EICB is fairly common in biochemical pathways (Section 11.11). 
III. Summary of reactivity (Section 11.12). 
A. Primary halides. 
1. Sy2 reaction is usually observed. 
2. El reaction occurs if a strong, bulky base is used. 
3. ElcB reaction occurs if the leaving group is two carbons away from a carbonyl 
group. 
B. Pci halides. 
Sn2 and E2 reactions occur in competition. 
» Strong bases promote E2 elimination. 
3. Secondary halides (especially allylic and benzylic halides) can react by Syl and ЕІ 
routes if weakly basic nucleophiles and protic solvents are used. 
4. ElcB reaction occurs if the leaving group is two carbons away from a carbonyl 
group. 
C. Tertiary halides. 
1. Under basic conditions, E2 elimination is favored. 
2. Syl and ЕІ products are formed under nonbasic conditions. 
3. ElcB reaction occurs if the leaving group is two carbons away from a carbonyl 


group. 


D. 
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11.2 


11.3 


11.4 


11.5 


Reactions of Alkyl Halides: Nucleophilic Substitutions and Eliminations 237 


Solutions to Problems 


As described in Worked Example 11.1, identify the leaving group and the chirality center. 
Draw the product carbon skeleton, inverting the configuration at the chirality center, and 
replace the leaving group (bromide) with the nucleophilic reactant (acetate). 


О 
О | 
Вг Il н OCCH3 


H = 
———— 
S R 


Use the suggestions in the previous problem to draw the correct product. 


HOT Acher — > Ho-c? + Bri 


H'4 an 
CH2CH3 CH2CH3 
H CH3 Br. H H СНз H SH 
S E: ы == M: 
H " + Br 
Hae 67 s CH, ВЕСОВ СОН» 
4\ 4\ 
HH HH 


All of the nucleophiles in this problem are relatively reactive.See Table 11.1. 


(a) 

CH3CH5CH5CHoBr + Nal —— CH3CH5CH5CHsI + NaBr 
(b) 
(c) 


d 


(a) (CH3)2N is more nucleophilic because it is more basic than (CH3)2NH and because a 


negatively charged nucleophile is more nucleophilic than a neutral nucleophile. 


(b) (CH3)3N is more nucleophilic than (CH3)3B. (CH3)3B is non-nucleophilic because it 
has no lone electron pair. 


(c) H2S is more nucleophilic than H20 because nucleophilicity increases in going down a 
column of the periodic table. 
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11.6 Inthis problem, we are comparing two effects — the effect of the substrate and the effect of 


the leaving group. Tertiary substrates are less reactive than secondary substrates, which are 
less reactive than primary substrates. 


Least reactive. —————— — — — ——» Most reactive 


(СНз)зССІ < (СНз) СНСІ < CH3Br < СНзОТоѕ 


tertiary secondary good excellent 
carbon carbon leaving leaving 


group group 
11.7 


Reaction progress —— — ——- 


Polar protic solvents (curve 1) stabilize the charged transition state by solvation and 
also stabilize the nucleophile by hydrogen bonding. 

Polar aprotic solvents (curve 2) stabilize the charged transition state by solvation, but 
do not hydrogen-bond to the nucleophile. Since the energy level of the nucleophile is 
higher, AG* is smaller and the reaction is faster in polar aprotic solvents than in polar 
protic solvents. 

Nonpolar solvents (curve 3) stabilize neither the nucleophile nor the transition state. 
AG? is therefore higher in nonpolar solvents than in polar solvents, and the reaction rate is 
slower. Benzene, ether, and chloroform are in this category. 


11.8 
CH (CH2)3CH§ H3 " 
^ 5 а 9 
снзсназснаС Нз аво. БЕ CHaCHs 
S С— С — a Pa i " 
CH2CH3 + СГ CH2CH3 о HaC „СН2(СНо)зСнз 
CH34CO —C 
R \ 
CH2CH3 


In this Sy1 reaction, attack by acetate can occur on either side of the planar, achiral 
carbocation intermediate, resulting in a mixture of both the R and S enantiomeric acetates. 
The ratio of enantiomers is probably close to 50:50. 
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11.9  Ifreaction had proceeded with complete inversion, the product would have had a specific 


rotation of +53.6°. If complete racemization had occurred, [o]p would have been zero. 


Oe = 0.099, 9.9% of the original tosylate 


was inverted. The remaining 90.1% of the product must have been racemized. 


The observed rotation was +5.3°. Since 


11.10 The S substrate reacts with water to form a mixture of R and S alcohols. The ratio of 
enantiomers is close to 50:50. 


Br. CHg HQ CHa нас, OH 


C 
S ^ CH2CH3 Oo cy CH»CH, [d CH2CHs 


11.11 Syl reactivity is related to carbocation stability. Thus, substrates that form the most stable 
carbocations аге the most reactive in Sy1 reactions. 
Least reactive | ————— — — — — — Most reactive 
Br Br 
HəC=CHBr << CH3CH>Br < CH, CHCHs < НС ~CHCHCH, 
vinylic primary secondary allylic 


11.12 


Br 
| -Br pr + + ]Br 
CH3CHCH —CHo < CH3CHCH = СН, < CH4CH =CHCHs w CH3CH = CHCHeBr 


The two bromobutenes form the same allylic carbocation in the rate-limiting step. 


11.13 Both substrates have allylic groups and might react either by an Sy1 or an Sy2 route. The 
reaction mechanism is determined by the leaving group, the solvent, or the nucleophile. 


(a) This reaction probably occurs by an Syl mechanism. НСІ converts the poor -OH 
leaving group into an excellent -OH5* leaving group, and the polar solvent stabilizes the 
carbocation intermediate. 


(b) This reaction takes place with a negatively charged nucleophile in a polar, aprotic 
solvent. It is very likely that the reaction occurs by an 542 mechanism. 
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11.14 Redraw linalyl diphosphate so that has the same orientation as limonene. 


OPP OPP 
9 2 = ZA 


After dissociation of PP;, the cation cyclizes by attack of the double bond x electrons. 
Removal of an -H by base yields limonene. 


v»: dt 


Linalyl diphosphate 


"ot hj K `: Base 


imonene L 
H 


«—— 


11.15 Form the double bond by removing HX from the alkyl halide reactant in as many ways as 
possible. The major elimination product in each case has the most substituted double bond 


(Zaitsev's rule). 


(a) 
Г CHs CH3 (Ha 


| 
CH3CH»CHCHCH, 28° CH3CH»CH=CCH, + CHgCH=CHCHCH3 


major minor 
(trisubstituted double bond) (disubstituted double bond) 
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b 
©) Сз © Сн CH3 CHa ү CH 
олау = CHCH3 Bese Eae ue = CCH3 + CH3CHCH => ioe 
CH3 CH3 CH3 
major minor 
(tetrasubstituted double bond) (trisubstituted double bond) 
TRA 
+ CHSCHCH;CCHCH; 
re 
minor 
(disubstituted double bond) 
(c) 


Br 
| 
( У Eu Е + ВЕЕ? 


тајог minor 
(trisubstituted double bond)  (monosubstituted double bond) 


11.16 For maximum yield, the alkyl halide reactant should not give a mixture of products on 


elimination. 
a 
(D “eH CH3 Сна GHg 
CH ОМОН СНЬСНСНЬ»СН-В ше T СН^СНСН„»СН„»СНСН„СН=Сн 
r 
5 ene xii CH3CH2OH 3 ane е 2 


The 2-bromo isomer yields a mixture of alkene products. 


(b) CH3 
KOH 
Br ——————- 
«I CH3CH20H CL 


CH3 CH3 


CH3 
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11.17 Draw the reactant with correct stereochemistry. 
H 
Phy i Br 
R R (1R,2R)-1,2-Dibromo-1,2-diphenylethane 


Br” | “Ph 
H 


Convert this drawing into a Newman projection, and draw the conformation having anti 
periplanar geometry (staggered) for -H and —Br. 


Br 


BrRh Be Ph Ph Br 


H H 
H 


The alkene resulting from E2 elimination is (Z)-1-bromo-1,2-diphenylethylene. 


11.18 As in the previous problem, draw the structure, convert it to a Newman projection, and 
rotate the groups so that the -H and —Br to be eliminated have an anti periplanar 
(staggered) relationship. 


Br Br 
HBr HH 
2 Y, H CH2CH3 CH3CH2 CH3 
OO T INS 
нс” gl `ch 
3 CH3 H 


The major product is (Z)-3-methyl-2-pentene. A small amount of 3-methyl-1-pentene is 
also formed. 


HaC CH;CHs 
CH3CH2 erg — с=с (Z)-3-Methyl-2-pentene 
H3C H ИЕ. 
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11.19 
Br 


Br 
(CH3)4C Nu ae (CH3)3C 


trans cis H 


The more stable conformations of each of the two isomers are pictured above; the larger 
tert-butyl group is always equatorial in the more stable conformation. The cis isomer reacts 
faster under E2 conditions because —Br and —Н are in the anti periplanar arrangement that 
favors E2 elimination. 


11.20 


(a) 
primary substitution product 


The reaction occurs by an 542 mechanism because the substrate is primary, the nucleophile 
is nonbasic, and the product is a substitution product. 


(b) Cl 
| 
СНзСН»СНСН»СН3 + КОН а CH3CH5CH = СНСНз 
secondary strong base elimination product 


This is an E2 reaction since a secondary halide reacts with a strong base to yield an 
elimination product. 


T 
cl OCCH3 
+ СНЗСОНн ——> 
CH3 CH3 


tertiary substitution product 


(c) 


This is an 51 reaction. Tertiary substrates form substitution products only by the 531 
route. 


(d) 
O O 
NaOH 
thanol 
OH E 


This is an ElcB reaction because the leaving group is two carbons away from a carbonyl 
group. 
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Visualizing Chemistry 


11.21 (a) 
(i) CH3CHCI + Ма? SCH4, ———» CH3CH,SCH3 + NaCl 
(ii) CH3CHọCI + Ма OH = CHg3CH,OH + NaCl 


Both reactions yield 52 substitution products because the substrate is primary and both 
nucleophiles are strong. 


(b) .— 
0 о НЗС CHCH 
| SN MED 
опасано + Na* “SCH; ———> [C= CHCH3 + Hj0—C 
CH3 H3C major minor CH3 
(ii) + HSCH3 + NaCl 
а HaC. CHoCHs 


CHa CHCH; + Ма ОН ———- g—CHCHs + HaC=C 
CH3 H3C major minor СНз 
+ HO + NaCl 


The substrate is tertiary, and the nucleophiles are basic. Two elimination products are 
expected; the major product has the more substituted double bond, in accordance with 
Zaitsev's rule. 


(c) 
(i) 
CI 
+ Na SCH, ——- + NaCl 
Gi) 
CI 


+ НО + Nacl 


In (i), the secondary substrate reacts with the good, but weakly basic, nucleophile to yield 
substitution product. In (ii), NaOH is a poorer nucleophile but a stronger base, and both 
substitution and elimination product are formed. 


11.22 


Reaction of the secondary bromide with the weakly basic acetate nucleophile occurs by an 
Sn2 route, with inversion of configuration, to produce the R acetate. 
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11.23 
сн, HH сн, HH 
r^ Y; n^ Y/ 
NaCN NaCl 
H3C~ sg Sako MN = жна RR Sohon Ne 
HCl NC H 


The S substrate has a secondary allylic chloride group and a primary hydroxyl group. 52 
reaction occurs at the secondary carbon to give the R cyano product because hydroxide is a 
poor leaving group. 


11.24 
H Cl H CI + H20, 
Vic \; lE масі 
HaC. _ „С CHgCHo. СНЗСН 7 
я С EU NaOH | 
CH3CH> H H СНз CH3 


Rotate the left side of the molecule so that the groups to be eliminated have an anti 
periplanar relationship. The double bond in the product has the E configuration. 


Additional Problems 


Nucleophilic Substitution Reactions 


11.25 
Most reactive ә Least reactive 
(Ha E Bt 
CH3 
1-Bromobutane 1-Bromo-2- 2-Bromobutane 2-Bromo-2- 


methylpropane methylpropane 
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11.26 An alcohol is converted to an ether by two different routes in this series of reactions. The 
two resulting ethers have identical structural formulas but differ in the sign of specific 
rotation. Therefore, at some step or steps in these reaction sequences, inversion of 
configuration at the chiral carbon must have occurred. Let's study each step of the series to 
find where inversion is occurring. 


OH 9 OTos 

| TosCl | 
CH3CHCH> ———» CHCHCH, 
[o.]p = 433.0? [a]p = 431.1? 


© | K ©} CH3CH3CH, heat 


O Kt OCH2CHs 


| | 
CH3CHCH, - \ CH3CHCH> - \ 


[alp = -19.9° 
(2) | снзснв 


OCH»CH3 


| 


[о] = +23.5° 


In step 1, ће alcohol reacts with potassium metal to produce a potassium alkoxide. Since 
the bond between carbon and oxygen has not been broken, no inversion occurs in this 
step. 

The potassium alkoxide acts as a nucleophile in ће 542 displacement on CH3CH2Br in 
step 2. It is the C-Br bond of bromoethane, however, not the C—O bond of the alkoxide, 
that is broken. No inversion at the carbon chirality center occurs in step 2. 

The starting alcohol reacts with tosyl chloride in step 3. Again, because the O-H bond, 
rather than the C—O bond, of the alcohol is broken, no inversion occurs at this step. 

Inversion must therefore occur at step 4 when the OTos group is displaced by 
CH3CH50H. The C—O bond of the tosylate (-OTos) is broken, and a new C—O bond 15 
formed. 

Notice the specific rotations of the two enantiomeric products. The product of steps 1 
and 2 should be enantiomerically pure because neither reaction has affected the C—O bond. 
Reaction 4 proceeds with some racemization at the chirality center to give a smaller 
absolute value of [a]p. 


11.27 (a) CH3I reacts faster than CH3Br because Г is a better leaving group than Вг. 

(b) CH3CHPI reacts faster with OH in dimethylsulfoxide (DMSO) than in ethanol. 
Ethanol, a protic solvent, hydrogen-bonds with hydroxide ion and decreases its 
reactivity. 

(c) Under ће 542 conditions of this reaction, CH3Cl reacts faster than (СНз)зССІ. 
Approach of the nucleophile to the bulky (СНз)зССІ molecule is hindered. 

(d) H2C-CHCBBBr reacts faster because vinylic halides such as H?C-CHBr are 
unreactive to substitution reactions. 
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11.28 To predict nucleophilicity, remember these guidelines: 


(1) In comparing nucleophiles that have the same attacking atom, nucleophilicity parallels 
basicity. In other words, a more basic nucleophile is a more effective nucleophile. 


(2) Nucleophilicity increases in going down a column of the periodic table. 


(3) A negatively charged nucleophile is usually more reactive than a neutral nucleophile. 


More Nucleophilic Less Nucleophilic Reason 
(a мн, NH3 Rule 1 or 3 
(D | CH4CO2; НО Rule 1 or3 
F- BF BF; is not a 
d : nucleophile 
(d) | (CH3)gP (СНз) з Вие 2 
© Г сг Кше2 
(f с=м№ ~OCH3 Reactivity chart, 


Section 11.3 


11.29 
(Ж js 
CH3CHsCHCHol + “CN т == CH3CH5CHCH95CN + [Г 
primary halide 


This is ап 532 reaction, whose rate depends on the concentration of both alkyl halide and 
nucleophile. Rate = k x [RX] x [Nu: ] 


(a) Halving the concentration of cyanide ion and doubling the concentration of alkyl halide 
doesn't change the reaction rate. The two effects cancel. 


(b) Tripling the concentrations of both cyanide ion and alkyl halide causes a ninefold 
increase in reaction rate. 
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11.30 
TS es 
CHaCHÇCH + CHgCHpOH ———> CHgCH»GCHs + HI 
I OCH5CH3 
tertiary halide 


This is an $1 reaction, whose rate depends only on the concentration of 2-iodo-2- 
methylbutane. Rate = k x [RX]. 


(a) Tripling the concentration of alkyl halide triples the rate of reaction. 


(b) Halving the concentration of ethanol by dilution with diethyl ether reduces the polarity 
of the solvent and decreases the rate. 


11.31 
(a) 
СНзВг + Nat “C=CCH(CH3)> ————- CH3C=CCH(CHs)o + NaBr 
Not CHgC=C Na* + BrCH(CH3)s. The strong base СНзС== С brings about 
elimination, producing CH3C=CH and HpC=CHCHs. 


(b) 
or 
(CH3)gC — СІ + CHOH — — (CH3)3C—O—CH3 + HCI + (CH3)2C= CH2 
(major) (minor) 


(c) 


(d) 
CH4CHSCHoBr + excess NHg ————> CH3CHəCH>NH> + NH4'Br 
major 


11.32 (a) The difference in this pair of reactions is in the leaving group. Since OTos is a better 


leaving group than Cl (see Section 11.5), 542 displacement by iodide on CH3-OTos 
proceeds faster. 


(b) The substrates in these two reactions are different. Bromoethane is a primary 
bromoalkane, and bromocyclohexane is a secondary bromoalkane. Since Sw2 reactions 
proceed faster at primary than at secondary carbon atoms, 52 displacement on 
bromoethane is a faster reaction. 


(c) Ethoxide ion and cyanide ion are different nucleophiles. Since CN’ is more reactive 
than CH3CH20 in 532 reactions, 52 displacement on 2-bromopropane by CN^ 
proceeds at a faster rate. 


(d) The solvent in each reaction is different. The 542 reaction on bromoethane in polar, 
aprotic acetonitrile proceeds faster than the reaction in nonpolar benzene. 
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11.33 (R)-2-Bromooctane is a secondary bromoalkane, which undergoes Sy2 substitution. Since 
Sn2 reactions proceed with inversion of configuration, the configuration at the carbon 
chirality center is inverted. (This does not necessarily mean that all R isomers become S 
isomers after an 52 reaction. The R,S designation refers to the priorities of groups, which 
may change when the nucleophile is varied.) 


HC H д CH 
\ I 
Nu: + 3 *C—Br ——- Nu—c* A + Br 
CeH13 СеНиз 


(R)-2-Bromooctane 


Nucleophile Product 
(a) 


“СМ NC —C 


(b) 
CH3CO> CH3CO5 m 


(c) 
CH3S — CH3S —C 
S N 


11.34 After 50% of the starting material has reacted, the reaction mixture consists of 50% (R)-2- 
bromooctane and 50% (S)-2-bromooctane. At this point, ће R starting material is 
completely racemized. 


H H 


Br * C —Br up E Br ree * Br 


CeH13 ces 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


250 


Chapter 11 


Elimination Reactions 


11.35 


11.36 


(а) Вг сөен н нс н HC сњ 
| -OEt N / N / N / 
CH3CH»CHCH3 ——— с=с + с=с + C=C 
/ \ / \ / \ 
H H H CH, H H 
(b) 
НС =CHBr, like other vinylic organohalides, does not undergo nucleophilic 
substitutions. 
(c) à 
| 
CH5CH3 
5 — H 
H j fis " H j VOX, CH 
1 
H p H CH2CH3 SEHR 


This alkyl halide gives the less substituted cycloalkene (non-Zaitsev product). Elimination 
to form the Zaitsev product does not occur because the —Cl апа -H involved cannot 
assume the anti periplanar geometry preferred for E2 elimination. 


(d) | 
(СНз)зС — OH + HCl LES (CH3)4C — Cl + H20 


Because 1-bromopropane is a primary haloalkane, the reaction proceeds by either a Sy2 or 
E2 mechanism, depending on the basicity and the amount of steric hindrance in the 
nucleophile. 

(a) 


Propene (elimination product) is also formed because NaNHo is a strong base. 


(b) 
CHSCH2CHoBr + К ТОС(СНз)з — —- CH3CH-—CH»2 + НОС(СНз)з + KBr 


+ CH3CHaCH20C(CH3)3 


K* "OC(CH3)s is a strong, bulky base that brings about elimination as well as 
some substitution. 


(c 
(d) 
CH3CH3CHoBr + NaCN > CH3CHoCH5CN + NaBr 
(e) 
CH3CHsCHsBr + Nat —C=CH ———> CH3CH,CH,C=CH + NaBr 
(f) 


но 
CH4CH5CH2Br Mg. CH4CH5CHSMgBr ——2—— CH3CH2CH3 
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11.37 
Cl Cl 
H Ph Ph H 
H Ph H Ph 
H H 
A B 
Both Newman projections place —H and —Cl in the correct anti periplanar geometry for E2 
elimination. 
ò- 8- 
с С 
Phs „Н 
H— Ph Ph — H í 
incu eS an 
: H^ ^Ph 
H H 
trans-1,2-Diphenylethylene 
OCH3 OCH3 
б— ô- 
At Bi 


Either transition state A* or B* can form when 1-chloro-1,2-diphenylethane undergoes E2 
elimination. Crowding of the two large phenyl groups in A* makes this transition state 
(and the product resulting from it) of higher energy than transition state В“. Formation of 
the product from B* is therefore favored, and trans-1,2-diphenylethylene is the major 


product. 
11.38 
HaC СНз НС CH3 
| | HOAc X / 
CH4CHCBr = ——— с=с 
| heat / \ 
CH2CH3 НзС CH2CH3 


The alkene shown above has the most highly substituted double bond, and, according to 
Zaitsev's rule, is the major product. The following minor products may also form. 


CH3 CH3 СНз 
| | | 
CHgCH di CHgCH НЗ CH3CH Jh 
с=с с=с с=с 
/ \ / \ / \ 
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11.39 
Cl Cl H Cl H Cl 
ep oe g a 2 5.29 
H Cl H Cl H 
Cl Cl Cl CI H Cl 
VT T Hu OH 
H 1 H H 2 H ce 3 H 
H Cl H Cl H Cl 
н © a £ u © 
Cl H Ci 2 cl H 
Cl Cl Cl H H Cl 
a H H Н a H 
Ep d H H 5 а C 6 H 
H Cl H H 
ай i. sel 
Cl H Cl Cl 
H H Cl Cl 
H H са H 
ат а н 8 H 


Diastereomer 8 reacts much more slowly than other isomers in an E2 reaction because no 


pair of hydrogen and chlorine atoms can adopt the anti periplanar orientation preferred for 
E2 elimination. 


General Problems 


11.40 (a) Substitution does not take place with secondary alkyl halides when a strong, bulky base 
is used. Elimination occurs instead and produces HyC=CHCH2CHs3 and 
CH3CH=CHCH3. 

(b) Fluoroalkanes don't undergo Syw2 reactions because F is a poor leaving group. 

(c) SOCI; in pyridine converts primary and secondary alcohols to chlorides by an 52 
mechanism. 1-Methyl-1-cyclohexanol is a tertiary alcohol and does not undergo Syj2 
substitution. Instead, E2 elimination occurs to give 1-methylcyclohexene. 


11.41 Syl reactivity: 


Least reactive ———————————————————» Most reactive 


(a) NH2 СНз НС, CH3 
CH3CHCHCH; < Hes Gch < С M 
CH3 
most stable carbocation 
(b) 
(CH3)3COH < (CH3)3CCI < (СНз)зСВт 


best leaving group 
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Least reactive | ——————————————————— ——»- Most reactive 


(c) Br 
CH Br CHCH, CBr 
I Cy: 
3 


most stable carbocation 


11.42 Sy? reactivity: 


Least reactive ——————— Most reactive 


(a) нв о 
етт < CH3CH2CHCH3 < CH3CH5CH5CI 
CH3 primary substrate 
(0) (Ha Оз Tha 
DD NS < Shc eio < CH3CHCHoBr 
CH3 Br least sterically 
hindered substrate 
(c) 


CH3CH5CH52OCH5 < CH3CH3CHo9Br < CH3CH5CH53OTos 
best leaving group 


11.43 According to Cahn-Ingold-Prelog rules (Section 5.5), the nucleophile (CN) has a lower 
priority than the leaving group ( OTos). Thus, even though the reaction proceeds with 
inversion of configuration, the priorities of the substituents also change, and the 
configuration remains S. 


4 1 2 4 
H OT NC H 
ТА NaCN Vy 


265 e 269 
HaC CHpOCHg HC CHOCH, 
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11.44 


0: OCH, 
+ CHI ——- [I + r 


This is an excellent method of ether preparation because iodomethane is very reactive in 
Sn2 displacements. 


I OCH3 
+ CH30: — CY R @ + CH4OH 
+] 


Reaction of a secondary haloalkane with a basic nucleophile yields both substitution and 
elimination products. This is a less satisfactory method of ether preparation. 


11.45 
HO H 
is ч rotate d aes Rotate around the C-C 
"ax rM o вн 
HC н њс в рап. 


H—O: H б: 
U^ / AC Ha \ Bu Pe 
= = = — тт — e = - 
H£ С ——- ut S uc Cu 
HC в нс GB | HC CH3 
removal + НО 5342 displacement + Br 
of proton of -Br- by -O- 


This reaction is an intramolecular Sn2 displacement. 


11.46 
HO CH3 о 
H-n —4--CH Br “aH NaOH 
C=C 3 2 P .-C—C —— --C—C.~. 
3 H20 H3C Br Ethanol H3C H 
+ Вг 
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11.47 Draw 4-bromo-1-butanol in an orientation that resembles the product. 


СН» 
Ho ps 
— 
<<. 
ш. ios d. 
“Вг: da :OCH3 


СН» СН» 
нс“ нә нс“ — ^CHe 
Пе / 
нос. `O 2. нњо: 
CBr: С 
+ HOCH% + ївї 
Tetrahydrofuran 


Step 1: Methoxide removes a proton from the hydroxyl group of 4-bromo-1-butanol. 
Step 2: 532 displacement of Br by O yields the cyclic ether tetrahydrofuran (THF). 


11.48 The first step in an 51 displacement is dissociation of the substrate to form a planar, sp^- 
hybridized carbocation and a leaving group. The carbocation that would form from 
dissociation of this alkyl halide can't become planar because of the rigid structure of the 
ring skeleton. Because it's not possible to form the necessary carbocation, an Sy1 reaction 
can't occur. In addition, approach by a nucleophile from the back side of the alkyl halide is 
blocked by the rigid ring system, and Sw2 displacement can't take place either. 


11.49 In a molecule containing a double bond, all atoms bonded to the sp” carbons must lie in a 
common plane. For this compound, planar geometry at the “bridgehead” of the ring system 
is not possible because the rigid ring framework won't allow it. Thus, E2 elimination does 
not take place because the product containing a bridgehead double bond can't form. 


11.50 
a 
H3C m 4 «OTos 
si" 
Ph" т Сн; 
H 


H3C А 


Draw a Newman projection of the tosylate of (2R,3S)-3-phenyl-2-butanol, and rotate the 
projection until the -OTos and the —H on the adjoining carbon atom are anti periplanar. 
Even though this conformation has several gauche interactions, it is the only conformation 


in which —OTos and Н are 180? apart. 


OTos 
Ph CH3 


OEt 


n= 


H3C H 


$- 
OTos 


t 


(Z)-2-Phenyl-2-butene 


Elimination yields the Z isomer of 2-phenyl-2-butene. 
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11.51 Using the same argument from the previous problem, you can show that elimination from 
the tosylate of (2R,3R)-3-phenyl-2-butanol gives the E-alkene. 


H 


| C OTos H4C OTos 
R = = 
Hac Ph ње à 
| H 
" H H 
Г 8— | 
OTos 
OTos Е 
НЗС Ph : HaC H 
3 -OEt H3C Ph mp 
——— а Т ————— || 
HaC H á С 
С : HaC^ `рһ 
H H (E)-2-Phenyl-2-butene 
OEt 
LL ô- e 


The (25,35) isomer also forms the Е alkene; the (25,3R) isomer yields the Z alkene. 
11.52 


CH3 
H H 
ring H KOH 
eade " 
flip 
Br H 
C Br 


H 
cis m trans diaxial 


E2 reactions require that the two atoms to be eliminated have a periplanar relationship. 
Since it's impossible for bromine at C1 and the hydrogen at C2 to be periplanar, 
elimination occurs in the non-Zaitsev direction to yield 3-methylcyclohexene. 

11.53 


CH3 OH 
+ 
541 
: N њс f H3C e 
r = = 
La CHa + CH 
LT 
HaC” 7 Н.С”; = 
L - CH3 
E1 
H3C af 
H 


This tertiary bromoalkane reacts by 531 and ЕІ routes to yield alcohol and alkene 
products. The alcohol products are diastereomers. 
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11.54 Step 1: МАР“ oxidizes an alcohol to a ketone. 


н NH3* н мнз? 


2 + NADH 
Adenine 
о-н 
Н H 
С H—O: OH О OH 
:Base S-Adenosylhomocysteine 


Step 2: Base brings about an EIcB elimination reaction that has homocysteine as the 
leaving group. 


(М 
H—A н мнз? 
d 2 
s Poe a CO; Homocysteine 


— + 
Adenine Adenine 
( ^n H H 
: Base O OH О OH 
11.55 
"N=Cc:- Нас CH3 
OE T S we aE р 
Н? 4 Н 
H H 
Formal charge = -1 
[| 
H3C CH3 
- :с==м: \ BN _ 
i Tam 
H74 A H 
"EO um 


Formal charge = +1 


Sn2 attack by the lone pair electrons associated with carbon gives the nitrile product. 
Attack by the lone pair electrons associated with nitrogen yields the isonitrile product. 
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11.56 


HO5C H НОС H 
2 iod 2 “с^ 


|| ll 
C C 
C^ `сО»н нос“ “с 
(Z)-2-Chloro-2-butene-1,4-dioic acid (E)-2-Chloro-2-butene-1,4-dioic acid 


Hydrogen and chlorine are anti to each other in the Z isomer and are syn in the Е isomer. 
Since the Z isomer reacts fifty times faster than the E isomer, elimination must proceed 
more favorably when the substituents to be eliminated are anti to one another. This is the 
same stereochemical result that occurs in E2 eliminations of alkyl halides. 


11.57 Since 2-butanol is a secondary alcohol, substitution can occur by either an Sy1 or 52 
route, depending on reaction conditions. Two factors favor an Syl mechanism in this case. 
(1) The reaction is run under acidic conditions in a polar, protic solvent (water). (2) Dilute 
acid converts a poor leaving group СОН) into a good leaving group (ОН), which 
dissociates easily. 


CH2CHa 
S E 
d oe OM Y » 
H3C дир, 
Protonation of the 
hydroxyl oxygen.. N 
| GHpCHg | 
H- 0H, uis 
is followed by loss of H3C Q 
water to form a planar N 
carbocation. -H20 
CH2CH3 
Attack of water from e: + ET 
either side of the planar His. ` C^ N OH» 
carbocation yields “a H CHa Su 
racemic product. 
CH5CH3 CH2CH3 
HOS SCH н? OH 
CH H4C 
cH 3 3 4 
H50: N EU 


R + H,0* 
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11.58 The chiral tertiary alcohol (R)-3-methyl-3-hexanol reacts with HBr by an 51 pathway. 
HBr protonates the hydroxyl group, which dissociates to yield a planar, achiral 
carbocation. Reaction with the nucleophilic bromide anion can occur from either side of the 
carbocation to produce (+)3-bromo-3-methylhexane. 


11.59 Since carbon-deuterium bonds are slightly stronger than carbon-hydrogen bonds, more 
energy is required to break a C-D bond than to break a C-H bond. In a reaction where 
either a carbon-deuterium or a carbon-hydrogen bond can be broken in the rate-limiting 
step, a higher percentage of C-H bond-breaking occurs because the energy of activation 


for C-H breakage is lower. 


8— 8— 
Вг Вг 
H— Ph Рћ D 
— pa 
D H 
OC(CHg)a OC(CHg)a 
8— 8— 
At B: 


Transition state A* is of higher energy than transition state B* because more energy is 
required to break the C-D bond. The product that results from transition state B* is thus 
formed in greater abundance. 


11.60 
- $- 
Br t 
ie H3C Ph 
B сари: cues бн СН 7 e CH, Oe 
с n Elimination 3 : aC. 
CH3CHo ! CH3 е CH3CHs CH3 
H H 
(2R,3S)-2-Bromo-3- : (E)-3-Methyl-2- 
methyl-2-phenylpentane B ade phenyl-2-pentene 
$ 


The (2S,3R) isomer also yields E product. 
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11.61 


Base removes a proton, 
yielding an ElcB carb- 
anion intermediate. - 


Arginine, the protonated 
leaving group, departs, 
forming fumarate. 


OC z COS. 
p d d 
н м H 
Arginine Fumarate 


11.62 One of the steric requirements of E2 elimination is the need for periplanar geometry, which 
optimizes orbital overlap in the transition state leading to alkene product. Two types of 
periplanar arrangements of substituents are possible — syn and anti. 

A model of the deuterated bromo compound shows that the deuterium, bromine, and 
the two carbon atoms that will constitute the double bond all lie in a plane. This 
arrangement of atoms leads to syn elimination. Even though anti elimination is usually 
preferred, it doesn't occur for this compound because the bromine, hydrogen, and two 
carbons can't achieve the necessary geometry. 


11.63 


Cl Cl 


We concluded in Problem 11.62 that E2 elimination in compounds of this bicyclic structure 
occurs with syn periplanar geometry. In compound A, —H and —Cl can be eliminated via 
the syn-periplanar route. Since neither syn nor anti periplanar elimination is possible for B, 
elimination occurs by a slower, El route. 
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11.64 The two pieces of evidence indicate that the reaction proceeds by an 542 mechanism: Sy2 
reactions proceed much faster in polar aprotic solvents such as DMF, and methyl esters 
react faster than ethyl esters. This reaction is an 52 displacement on a methyl ester by 


iodide ion. 
р i | i ]* Э 
I ô- Bc 
"e 2 orc _.. C 
EX e Ecc — o^ 
L ICH3 


Other experiments can provide additional evidence for an Sy2 mechanism. We can 
determine if the reaction is second-order by varying the concentration of Lil. We can also 
vary the type of nucleophile to distinguish an Sy2 mechanism from an Sy1 mechanism, 
which does not depend on the identity of the nucleophile. 


11.65 Because CI is a relatively poor leaving group and acetate is a relatively poor nucleophile, a 
substitution reaction involving these two groups proceeds at a very slow rate. Г, however, 
is both a good nucleophile and a good leaving group. 1-Chlorooctane thus reacts 
preferentially with iodide to form 1-iodooctane. Only a small amount of 1-iodooctane is 
formed (because of the low concentration of iodide ion), but 1-iodooctane is more reactive 
than 1-chlorooctane toward substitution by acetate. Reaction with acetate produces 1-octyl 
acetate and regenerates iodide ion. The whole process can now be repeated with another 
molecule of 1-chlorooctane. The net result is production of 1-octyl acetate, and no iodide is 
consumed. 


11.66 Two optically inactive compounds are possible structures for compound X. 


Br H Hp, 
CCH CHC H H 
2952 Br 4^ Н „В! 
C—C 
/ \ 
meso meso 
X X 
[strong base 
HC =CHCH —CH CH2CH2CH2CH9 
Ho 
—————»љ» 
ү Pd/C 
1. O3 А 
2. Zn, H30 o 
C 
NI 7а +H 
=G + 2 
/ N 
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11.67 


11.68 


11.69 


Chapter 11 


C ra [| 


Es ie a gre СН»С! 
CY ts oye ——- " OTos 
* Pyr:H* 


At lower temperatures, a tosylate is formed from the reaction of p-toluenesulfonyl chloride 
and an alcohol. The new bond is formed between the toluenesulfonyl group and the 
oxygen of the alcohol. At higher temperatures, the chloride anion can displace the -OTos 
group, which is an excellent leaving group, to form an organochloride. 


Br. H Br. H eT HO H |. 
M. OH NaOH мә 3 215 X O: 
Oo. кше 


C fee ye C — ча C ar 
II II ( || II 
О О \ О О 
HO: 
= aon = | H30* 
HO H 
Pw 
II 
О 
Two inversions of configuration equal a net retention of configuration. 
H3C CH 
H30, НЗ [| CF4COSH - 3 с! А 
C C R ———- CF4CO * 
Hac” 70^ Ed “лү 5 HaC^ "^O" ^N^ 
H H 
| 2. 
CF3CO5H + Base: 3 
H3C : 
3 R 
`с=сн; in Che o^ Ww 
H3C нс“ H 


Step 1: Protonation. 
Step 2: Elimination of leaving group. 
Step 3: Removal of proton by base. 


This reaction proceeds by an E1 mechanism. 
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11.70 Notice that the chiral methyl group has the (R) configuration in both N- 
methyltetrahydrofolate and in methionine. This fact suggests that methylation proceeds 
with two inversions of configuration which, in fact, has been shown to be the case. 


11.71 


excess CHsI 


+ 
CH4CH5CH5CH5CH5NHo CH3CH»CH»CH»CH»N(CH3)3 I 


+ Ag20, НО 
CH3CH2CH>CHCHN(CHa)a 17—92 2> > CH3CH/CH/CH=CH; + :N(CHa)s 


The intermediate is a charged quaternary ammonium compound that results from Sy2 
substitutions on three CH3I molecules by the amine nitrogen. E2 elimination occurs 
because the neutral N(CH3)3 molecule is a good leaving group. 


11.72 (a) 
HN A nucleophile ^ ~ OCH Ph 
—> 
NEW NE 
HO Cl C 
Bu 
electrophile 
(b) 
HO N - зора М =. 
———- 9 
SOS C 2. Mg, ether М“ D 
(c) 
um D MA ud nr E 
N м 
HO, HO nd 
E СЕЗ CFs 
S F S 
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Review Unit 4: Alkynes; Alkyl Halides; 


Substitutions and Eliminations 


Major Topics Covered (with vocabulary): 


Alkynes: 
alkyne enyne vicinal tautomer Lindlar catalyst acetylide anion alkylation 


Organic Synthesis. 


Alkyl halides: 
allylic position delocalization Grignard reagent Gilman reagent Suzuki—Miyaura reaction 


Oxidation and reduction in organic chemistry: 


Substitution reactions: 

nucleophilic substitution reaction Walden inversion reaction rate kinetics second-order 
reaction rate constant 52 reaction bimolecular nucleophilicity leaving group solvation 
Syl reaction first-order reaction rate-limiting step ion pair dielectric polarization 


Elimination reactions: 
Zaitsev's rule E2 reaction syn periplanar geometry anti periplanar geometry 
deuterium isotope effect El reaction ElcB reaction 


Types of Problems: 
After studying these chapters, you should be able to: 


— Predict the products of reactions involving alkynes. 

— . Choose the correct alkyne starting material to yield a given product. 

— Deduce the structure of an alkyne from its molecular formula and products of cleavage. 
— Сагу out syntheses involving alkynes. 


— Draw, name, and synthesize alkyl halides. 

= . Understand the mechanism of radical halogenation and the stability order of radicals. 
— Prepare Grignard reagents and dialkylcopper reagents and use them in synthesis. 

— Predict the oxidation level of a compound. 


— Formulate the mechanisms of 532, Sn1 and elimination reactions. 

— Predict the effect of substrate, nucleophile, leaving group and solvent on substitution and 
elimination reactions. 

— Predict the products of substitution and elimination reactions. 

— Classify substitution and elimination reactions by type. 
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Points to Remember: 


* Although it is very important to work backwards when planning an organic synthesis, don't 
forget to pay attention to the starting material, also. Planning a synthesis is like solving a maze 
from the middle outward: keeping your eye on the starting material can keep you from running 
into a dead end. 


* [he reagent Li/NH3 is used to reduce an alkyne to a trans alkene; the reagent NaNH?/NH; is 
used to form an acetylide anion. It is easy to confuse the two reagents. 


* [n naming alkyl halides by the IUPAC system, remember that a halogen is named as а 
substituent on an alkane. When numbering the alkyl halide, the halogens are numbered in the 
same way as alkyl groups and are cited alphabetically. 


* Тһе definition of oxidation and reduction given in Chapter 10 expands the concept to reactions 
that you might not have considered to be oxidations or reductions. As you learn new reactions, 
try to classify them as oxidations, reductions or neither. 


*  Predicting the outcome of substitutions and eliminations is only straightforward in certain 
cases. For primary halides, 542 and E2 reactions are predicted. For tertiary halides, Syl, E2 
and Е1(їо a certain extent) are the choices. The possibilities for secondary halides are more 
complicated. In addition, many reactions yield both substitution and elimination products, and 
both inversion and retention of configuration may occur in the same reaction. 


Self-Test: 
T 
N 
e SS ESI. 
CHaCHs 
CHgCH2GCH»C= CH 
CH3 


A Terbinafine (an antifungal) B 


What is the configuration of the double bond in the side chain of A? What products result 
from treatment of A with KMnO,, H3O* (neither the aromatic ring nor the amine are affected)? 
How might the triple bond have been introduced? 


Provide a name for B. Predict the products of reaction of B with (a) 1 equiv HBr (b) Ho, 
Pd/C (с) BH3, THF, then H202, HO- (d) Оз, then Zn, H3O*. 
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Review Unit 4 


Снз Greets Cl 
ы ea елаш. 
Вг OH 
C D E 
Ethchlorvynol 


(a sedative) 


Name C. Draw all stereoisomers of C, label them, and describe their relationship. Predict the 


products of reaction of C with:(a) NaOH; (b) Mg, then H20; (c) product of (b) + Br», Av (show 
the major product); (d) (CH3CH2)2CuLi. 


Draw the R enantiomer of D. Predict the products of reaction of D with: (a) HBr; (b) product 


of (a) + aqueous ethanol. Describe the reactivity of the —Cl atom in substitution and elimination 
reactions. 


How might E be synthesized from the appropriate alkylbenzene? From the appropriate 


alcohol? Predict the reactivity of E in substitution and elimination reactions. 


Multiple Choice: 


1. 
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An enol is a tautomer of an: 
(a) alcohol (b)alkyne (c)alkene (d) ketone 


Which reaction proceeds through a vinylic radical? 
(a) Hg-catalyzed hydration of an alkyne (6) Li/NH5 reduction of an alkyne 
(c) catalytic hydrogenation of an alkyne (d) treatment of an alkyne with a strong base 


Which of the following reagents is not used in a Suzuki-Miyaura reaction? 
(a) aromatic boronic acid (b) lithium (с) Pd catalyst (4) potassium carbonate 


Monochlorination of 2,3-dimethylbutane yields what percent of 2-chloro-2,3- 
dimethylbutane? 
(a) 16% (b) 35% (c)45% (d) 55% 


How many monobromination products can be formed by NBS bromination of 2-ethyl-1- 
pentene? Include double-bond isomers. 
(а) 3 (b)4 (c5 (d)6 


Which of the following reactions is an oxidation? 
(a) hydroxylation (b) hydration (c) hydrogenation (d) addition of HBr 
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7. All of the following are true of Su2 reactions except: 
(a) The rate varies with the concentration of nucleophile (b) The rate varies with the type of 
nucleophile (c) The nucleophile is involved in the rate-determining step (d) The rate of the 
Sn2 reaction of a substrate and a nucleophile is the same as the rate of the E2 reaction of the 
same two compounds. 


8. Which of the following is true of Sy1 reactions? 
(a) The rate varies with the concentration of nucleophile (b) The rate varies with the type of 
nucleophile (c) The rate is increased by use of a polar solvent. (d) The nucleophile is 
involved in the rate-determining step. 


9. Which base is best for converting 1-bromohexane to 1-hexene? 
(a) (CH3)5CO- (b)-CN (c)-OH (4) -C=CH 


10. Which of the following is both a good nucleophile and a good leaving group? 
(a)-OH (b) -CN (c)-Cl (d) 


11. In the reaction of (2R,3S)-3-methyl-2-pentanol with tosyl chloride, what is the configuration 
of the product? 
(a) a mixture of all four possible stereoisomers (b) (2R,3S) and (25,35) (с) (2R,3S) 
(d) (25,35) 
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Chapter 12 — Structure Determination: 


Mass Spectrometry and Infrared Spectroscopy 


Chapter Outline 


I. Mass Spectrometry (Sections 12.1—12.4). 
A. General features of mass spectrometry (Section 12.1). 
]. Purpose of mass spectrometry. 


a. 
b. 


Mass spectrometry is used to measure the molecular weight of a compound. 
Mass spectrometry can also provide information on the structure of an unknown 
compound. 


2. Technique of mass spectrometry. 


a. 


b. 
С: 


а. 


е. 


A small amount of sample is vaporized into the ionization source and is 
bombarded by a stream of high-energy electrons. 

An electron is dislodged from a molecule, producing a cation radical. 

Most of the cation radicals fragment; the fragments may be positively charged or 
neutral. 

In the deflector, a strong magnetic field deflects the positively charged 
fragments, which are separated by m/z ratio. 

A detector records the fragments as peaks on a graphic display. 


3. Important terms. 


a. 


b. 
c. 


d. 


The mass spectrum is presented as a bar graph, with masses (m/z) on the x axis 
and intensity (relative abundance) on the y axis. 

The base peak is the tallest peak and is assigned an intensity of 100%. 

The parent peak, or molecular ion (M*), corresponds to the unfragmented cation 
radical. 

In large molecules, the base peak is often not the molecular ion. 


B. Interpreting mass spectra (Sections 12.2-12.4). 
1. Molecular weight (Section 12.2). 


a. 


b. 


c. 


Mass spectra can frequently provide the molecular weight of a sample. 

i. Double-focusing mass spectrometers can provide mass measurements 
accurate to 0.0005 amu. 

ii. Some samples fragment so easily that M* is not seen. 

If you know the molecular weight of the sample, you can often deduce its 

molecular formula. 

There is often a peak at M+1 that is due to contributions from PC and ?H. 


2. Fragmentation patterns of hydrocarbons. 


a. 


b. 


Fragmentation patterns can be used to identify a known compound, because a 

given compound has a unique fragmentation "fingerprint". 

Fragmentation patterns can also provide structural information. 

i. Most hydrocarbons fragment into carbocations and radicals. 

п. The positive charge remains with the fragment most able to stabilize it. 

iii. It is often difficult to assign structures to fragments. 

iv. For hexane, major fragments correspond to the loss of methyl, ethyl, 
propyl, and butyl radicals. 


3. Fragmentation patterns of common functional groups (Section 12.3). 


a. 


Alcohols. 
i. Alcohols can fragment by alpha cleavage, in which a C-C bond next to the 
—OH group is broken. 


(a). The products are a cation and a radical. 
ii. Alcohols can also dehydrate, leaving an alkene cation radical with a mass 18 
units less than M*. 
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b. Amines also undergo alpha cleavage, forming a cation and a radical. 
c. Carbonyl compounds. 
i. Aldehydes and ketones with a hydrogen 3 carbons from the carbonyl group 
can undergo the McLafferty rearrangement. 
(a). The products are a cation radical and a neutral alkene. 
ii. Aldehydes and ketones also undergo alpha cleavage, which breaks a bond 
between the carbonyl group and a neighboring carbon. 
(a). The products are a cation and a radical. 
C. Mass spectrometry in biological systems: TOF instruments (Section 12.4). 
1. Time-of-flight (TOF) instruments are used to produce charged molecules with little 
fragmentation. 
2. Theionizer can be either ESI or MALDI. 
a. In an ESI source, the sample is dissolved in a polar solvent and sprayed 
through a steel capillary tube. 
1. As Ше sample exits, it is subjected to a high voltage, which protonates the 
sample. 
ii. The solvent is evaporated, yielding protonated sample molecules. 
b. Ina MALDI source, the sample is absorbed onto a matrix compound. 
i. The matrix compound is ionized by a burst of laser light. 
ii. The matrix compound transfers energy to the sample, protonating it. 
3. The samples are focused into a small packet and given a burst of energy. 
a. Each molecule moves at a velocity that depends on the square root of its mass. 
4. The analyzer is an electrically grounded tube that detects the charged molecules by 
velocity. 
II. Spectroscopy and the electromagnetic spectrum (Section 12.5). 
A. The nature of radiant energy. 
1. Different types of electromagnetic radiation make up the electromagnetic spectrum. 
2. Electromagnetic radiation behaves both as a particle and as a wave. 
3. Hlectromagnetic radiation can be characterized by three variables. 
a. The wavelength (X) measures the distance from one maximum to the next. 
b. The frequency (v) measures the number of wave maxima that pass a fixed point 
per unit time. 
c. The amplitude is the height measured from the midpoint to the maximum. 
Wavelength times frequency equals the speed of light. 
Electromagnetic energy is transmitted in discrete energy bundles called quanta. 
а. ғ = hv, where e is energy per photon. 
b. Energy varies directly with frequency but inversely with wavelength. 
c. Е= 1.20 x 10? kJ/mol +a (cm) for a "mole" of photons. 
B. Electromagnetic radiation and organic molecules. 

1. When an organic compound is struck by a beam of electromagnetic radiation, it 
absorbs radiation of certain wavelengths, and transmits radiation of other 
wavelengths. 

2. If we determine which wavelengths are absorbed and which are transmitted, we can 

obtain an absorption spectrum of the compound. 
a. Foran infrared spectrum: 

i. The horizontal axis records wavelength. 

ii. The vertical axis records percent transmittance. 

iii. The baseline runs across the top of the spectrum. 

iv. Energy absorption is a downward spike (low percent transmittance). 

The energy a molecule absorbs is distributed over the molecule. 
There are many types of spectroscopies that differ in the region of the 
electromagnetic spectrum that is being used. 


сл & 


AUS 
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III. Infrared Spectroscopy (Sections 12.6—12.8). 
A. Infrared radiation (Section 12.6). 


1. 


Э. 
4. 


The infrared (IR) region of the electromagnetic spectrum extends from 7.8 x 107 m 

to l0 ^m. 

a. Organic chemists use the region from 2.5 x 1076 m to 2.5 x 10? m. 

b. Wavelengths are usually given in um, and frequencies are expressed in 
wavenumbers, which are the reciprocal of wavelength. 

c. The useful range of IR radiation is 4000 cm ! to 400 ст}; this corresponds to 
energies of 48.0 kJ/mol to 4.80 kJ/mol. 

IR radiation causes bonds to stretch and bend and causes other molecular 

vibrations. 

Energy is absorbed at a specific frequency that corresponds to the frequency of the 

vibrational motion of a bond. 

If we measure the frequencies at which IR energy is absorbed, we can find out the 

kinds of bonds a compound contains and identify functional groups. 


B. Interpreting IR spectra (Sections 12.7—12.8). 


1. 


2. 


General principles (Section 12.7). 
a. Most molecules have very complex IR spectra. 
i. This complexity means that each molecule has a unique fingerprint that 
allows it to be identified by IR spectroscopy. 
ii. Complexity also means that not all absorptions can be identified. 
b. Most functional groups have characteristic IR absorption bands that change very 
little from one compound to another. 
c. The significant regions of IR absorptions : 
i. 4000 cm 12500 cm! corresponds to absorptions by C-H, O-H, and 
N-H bonds. 
ii. 2500 cm 12000 cm"! corresponds to triple-bond stretches. 
iii. 2000 стг 1500 en! corresponds to double bond stretches. 
iv. The region below 1500 cm! is the fingerprint region, where many complex 
bond vibrations occur that are unique to a molecule. 
d. The frequency of absorption of different bonds depends on two factors: 
1. The strength of the bond. 
ii. The difference in mass between the two atoms in the bond. 
IR spectra of some common functional groups (Section 12.8). 
a. Alkanes. 
i. C-C absorbs at 800-1300 cm. 
ii С-Н absorbs at 2850-2960 стг. 
b. Alkenes. 
i. =C-H absorbs at 3020-3100 cm. 
ii. C=C absorbs at 1650-1670 cm. 
ш. КСН=СН» absorbs at 910 and 990 cm !. 
iv. R2C2CH» absorbs at 890 ст, 
c. Alkynes. 
i. -CeC- absorbs at 2100-2260 cm™!. 
ii. =C-H absorbs at 3300 cm. 
d. Aromatic compounds. 
i. =C-H absorbs at 3030 стг!. 
ii. Ring absorptions occur at 1660-2000 стг! and at 1450-1600 cm. 
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e. The alcohol О-Н bond absorbs at 3400-3650 cm !. 
f. The N-H bond of amines absorbs at 3300-3500 cm. 
g. Carbonyl compounds. 
i. Saturated aldehydes absorb at 1730 cm !; unsaturated aldehydes absorb at 
1705 ст}. 
ii. Saturated ketones absorb at 1715 сш; unsaturated ketones absorb at 1690 
cm. 
lii. Saturated esters absorb at 1735 cm !; unsaturated esters absorb at 1715 
cm 


Solutions to Problems 


If the isotopic masses of the atoms C, H, and O had integral values of 12 amu, 1 amu 
and 16 amu, many molecular formulas would correspond to a molecular weight of 288 
amu. Because isotopic masses are not integral, however, only one molecular formula is 
associated with a molecular ion at 288.2089 amu. 

To reduce the number of possible formulas, assume that the difference in molecular 
weight between 288 and 288.2089 is due mainly to hydrogen. Divide 0.2089 by 0.00783, 
the amount by which the atomic weight of one H atom differs from 1. The answer, 
26.67, gives a "ballpark" estimate of the number of hydrogens in testosterone. Then, 
divide 288 by 12, to determine the maximum number of carbons. Since 288 + 12 = 24, we 
know that testosterone can have no more than 22 carbons if it also includes hydrogen and 
oxygen. Make a list of reasonable molecular formulas containing C, H and O whose mass 
is 288 and which contain 20-30 hydrogens. Tabulate these, and calculate their exact 
masses using the exact atomic mass values in the text. The only possible formula for 
testosterone is C19H5gO». 


Isotopic mass 


Molecular Mass Mass Mass Mass of 
formula of carbons of hydrogens of oxygens molecular ion 
C5 9H3 0 240.0000 amu 32.2504 amu 15.9949 amu 288.2453 amu 
СНО 228.0000 28.2191 31.9898 288.2089 
C;;H5405 216.0000 24.1879 47.9847 288.1726 
„СНз 
CH3CH3CH = ce CH3CHoCH5CH = CHCH3 
CH3 
2-Methyl-2-pentene 2-Hexene 
CH3 
+ / + 
CH2CH —C CH5CH — CHCH3 
CH 
т: 269 ` > т/с = 55 


Fragmentation occurs to a greater extent at ће weakest carbon-carbon bonds, producing a 
relatively stable cation.Spectrum (a), which has a dominant peak at m/z = 69, corresponds 
to 2-methyl-2-pentene, and spectrum (b), which has m/z = 55 as its base peak, 
corresponds to 2-hexene. 
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12.3 Ina mass spectrum, the molecular ion is both a cation and a radical. When it fragments, 
two kinds of cleavage can occur. (1) Cleavage can form a radical and a cation (the species 
observed in the mass spectrum). Alpha cleavage shows this type of pattern. (2) Cleavage 
can form a neutral molecule and a different radical cation (the species observed in the mass 
spectrum). Alcohol dehydration and the McLafferty rearrangement show this cleavage 
pattern. 

For each compound, calculate the mass of the molecular ion and identify the functional 
groups present. Draw the fragmentation products and calculate their masses. 


(a) _ О Bh 
1g Alpha аа. 
нс T CH2CH2CH3 cleavage eee Sese + CH5CH5CH5 
L M*- 86 - m/z = 43 
_ Ө ove 
i | Alpha . mc * 
Hac T NCH CHCH; | cleavage "BC" * | O=C онусн;он; | 
L  M*- 86 - m/z =71 


In theory, alpha cleavage can take place on either side of the carbonyl group to produce 
cations with m/z = 43 and m/z = 71. In practice, cleavage occurs on the more substituted 
side of the carbonyl group, and the first cation, with m/z = 43, is observed. 


(b) - ETT. + 


Dehydration + њо 
——_ 


Mt = 100 m/z = 82 
Dehydration of cyclohexanol produces a cation radical with m/z = 82. 


(c) m" 1+. 


£ VH 
CH ° » McLafferty | < нсі `снз 
————————————— L zu 
| CH3CHCH2CCH3| rearrangement ове [NCS ? m/z = 58 


7 
M+ = 100 H eA СНз + 
L H H | (ine 
C 
HgC^ ^H 
The cation radical fragment resulting from McLafferty rearrangement has m/z = 58. 
(d) e 
үгез [жр t 
Alph 
i pM eee Roum SN 
H3C > СН» CH2CH3 cleavage НС CH2CH3 
Mt = 101 р m/z = 86 


Alpha cleavage of triethylamine yields a cation with m/z = 86. 
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Identify the functional groups present in the molecule and recall the kinds of 
fragmentations those functional groups produce. 2-Methyl-2-pentanol produces fragments 
that result from both dehydration and from alpha cleavage. Two different alpha cleavage 
products are possible. 


| CHa |* | сњ | 
| Dehydration Pa. 
CHC HOH HS == =>» CH3CH5CH x + H20 
L OH | L CH | 
Mt = 102 m/z = 84 
Alpha Alpha 
cleavage cleavage 
+ [ + 
ӘН HO... P CH3 
CHC Heer ie. + H3C* CH3CH3CH»* + | 
CH3 | CH 
m/z = 87 m/z — 59 


Peaks might appear at M* = 102 (molecular ion), 87, 84, 59. 


We know that: (1) energy increases as wavelength decreases, and (2) the wavelength of X- 
radiation is smaller than the wavelength of infrared radiation. Thus, we estimate that an X 
ray is of higher energy than an infrared ray. 


£2 hv = Һс; һ = 6.62 х 107^ Fs; с = 3.00 x 10° m/s 
fork 21x 106 т (infrared radiation): 
—34 T. 8 
ș (6.62 x 10734 15) (3.00 x 105 m/s)... уулт 
1.0 x 106 m 


for A 230x10? m (X radiation): 


—34 ү. 8 
4 (6.62 x 104 Js) (3.00 x 108 m/s) _ е ag ity 


3.0 x 10? m 


Confirming our estimate, the calculation shows that an X ray is of higher energy than 
infrared radiation. 


Convert radiation in m to radiation in Hz by the equation: 


c _ 3.00 x 105 m/s 
A 9.0 x 106 m 


v= = 3.3 x 10? Hz 


The equation e = Лу shows that the greater the value of v, the greater the energy. Thus, 
radiation with v = 3.3 x 10P Hz (^ = 9.0 х 10 m) is higher in energy than radiation with 
v 240 x 10? Hz. 
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12.6 


12.7 


12.8 


Chapter 12 


(a) E= 120x 10% kJ/mol — 1.20 x 10% kJ/mol 


A (in m) 5.0 x 10H! 
2.4 x 10° kJ/mol for a gamma ray. 


(b) E = 40x 10^ kJ/mol for an X ray. 
(c) у = c. x= Cos 3.0 x 108 m/s = 5.0 x 10-8m 
A У 6.0 x 10'5 Hz 
Е = 1-20 x 10* kJ/mol = 2 4 x 103 kJ/mol for ultraviolet light 
5.0 x 10-8 


(d E=2.8x 10? kJ/mol for visible light. 

(e) E= 6.0 kJ/mol for infrared radiation 

(f E=40x 1072 kJ/mol for microwave radiation. 

(a) A compound with a strong absorption at 1710 cnr! contains а carbonyl group and is 
either a ketone or aldehyde. 

(b) A compound with a nitro group has a strong absorption at 1540 em |, 


(c)A compound showing both carbonyl (1720 стг!) and -ОН (2500—3000 cm -! broad) 
absorptions is a carboxylic acid. 


To use IR spectroscopy to distinguish between isomers, find a strong IR absorption that is 
present in one isomer but absent in the other. 


(a) 
CH3CH5OH CH30CH3 
Strong hydroxyl band No band in the region 
at 3400-3640 стт! 3400-3640 стт! 
(b) 
CH3CH5CH5CH5CH = СН» 
Alkene bands at 
3020-3100 cm-! and 
at 1640—1680-1. No bands in alkene region. 
(c) 
CH3CH2CO>H HOCH2CH2CHO 
Strong, broad band Strong band at 


at 2500-3100 стт! 3400-3640 cm7! 
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12.9 Based on what we know at this point, we can identify four absorptions in this spectrum. 


(a) Absorptions in the region 1450 cm 11600 стг! are due to aromatic ring -C2C- 
motions. 


(b) The absorption at 2100 стг! is due to a С=С stretch. 


(c) Absorptions in the range 3000 cm '-3100 cm ' are due to aromatic ring =С-Н 
stretches. 


(d) The absorption at 3300 стг! is due to a -C-H stretch. 


12.10 (a) An ester next to a double bond absorbs at 1715 cm™!. The alkene double bond absorbs 
at 1640-1680 стт! 


(b) The aldehyde carbonyl group absorbs at 1730 cm ! The alkyne C=C bond absorbs at 
2100-2260 cnr, and the alkyne H—C= bond absorbs at 3300 cm p 


(c) The most important absorptions for this compound are due to the alcohol group (a 
broad, intense band at 3400-3650 стг!) and to the carboxylic acid group, which has a 
C=O absorption i in the range 1710-1760 ст ! and a broad O-H absorption i in the range 
2500-3100 cm" l. Absorptions due to the aromatic ring [3030 ст! (w) and 
1450-1600 ст! (m)] may also be seen. 


12.11 
f 
H3C 
3 Cs 
H 
е 3 
N=C 
H 


The compound contains nitrile and ketone groups, as well as a carbon-carbon double 
bond. The nitrile absorption occurs at 2210-2260 cm ^ 1. The ketone shows an absorption 
at 1690 cm™!, a lower value than usual because the ketone is next to the double bond. The 
double bond absorption occurs at 1640-1680 cm! 
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Visualizing Chemistry 


12.12 
Compound Significant Due to: 
(a) IR Absorption 
a 
п. "E. 1540 стт! nitro group (1) 
Ox 2„С 1730 cm! aldehyde (2) 
¢ 3030 cm! aromatic ring C-H(3) 
H d „О 1450—1600 cm! aromatic ring С=С(3) 
1" 
О 
(b) 
" 1735 сп! ester (1) 
HaC 1C 3020—3100 cm7! vinylic stretch 
оре C-H(2) 
jac ^ 
N 910 cm7! 990 cm-! C=CH) bend(3) 
a 2 1640-1680 ст! alkene С=С 
(с) О E 
H3C OH 1715 cm ketone (1) 
1 | Ds 3400-3650 стт! alcohol (2) 
P adig. OS 
Hac” el “он 
HH 


12.13 (a) The mass spectrum of this ketone shows fragments resulting from both McLafferty 
rearrangement and alpha cleavage. 


McLafferty rearrangement: 


+ H У 
H \ H 
CHgCH»CHCCH,CH,| КУ, 1 i 
| rearrangement СК мс 
| CH3 | н `0, CHCH 
М+= 114 н сн; 
п 
НС = СН» + H3C p C 
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Alpha cleavage: 
| O es CH3 js 
CH3 II Alpha | 
ре —— —- |CH3CHCH—C=O | + * CH9CHS 
| CH3CH5CH CHCH | cleavage | i] 
М+= 114 m/z = 85 
г О le CH3 
СНз Il Alpha | Г nis 
| CH3CH2CH^  "CH5CHS | cleavage E | 
Mt= 114 


m/z = 57 


(b) Two different fragments сап arise from alpha cleavage of this amine: 


s M is "n 
vers Alpha 2 
N—C "^ — > Ону + N=C 
\ cleavage Б 
CH3 H3 
Mt= 113 m/z = 98 
i H JH | CHoCHoCHo H a 
\ „Сз | Alpha EET 
, N-—C ———- N—C 
hon cleavage 7 К. pam 
/ 3 2 3 
M*-113 | L m/z = 113 


The second product results from cleavage of a bond in the five-membered ring. Due to the 
symmetry of the amine, only one peak is observed. 
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Chapter 12 


Additional Problems 


Mass Spectrometry 


12.14 


12.15 


M* Molecular , Degree of Possible Structure 
Formula Unsaturation 
(a) 132 CX 
(b) 166 Sei 
H3C. р р „СНз 
(с) 84 o 
(a) The compound contains no more than 7 carbons. As in Problem 12.1, divide the mass 


to the right of the decimal point by 0.00783 to arrive at an approximate value for the 
number of hydrogens (10.8). Since the compound has an even mass (and an even number 
of hydrogens), it contains an even number of nitrogens, or no nitrogens. The two most 
likely formulas are СєН ОО (M* = 98.0732) and CsH10N2 (M* = 98.0844). The latter 
formula agrees precisely with the given molecular ion. 


(b) The compound contains no more than 9 carbons, and approximately 4.1 hydrogens. 
The number of hydrogens must be odd, since M* is odd. Assume the molecule has 5 
hydrogens, and adjust the numbers of nitrogens and oxygens until you arrive at the correct 
value for M*. The formula is CSH5NO». 


12.16 Reasonable molecular formulas for camphor аге СНО, CoH} 202, CgHgO3 (see 


Problem 12.1). The actual formula, СНО (М? = 152.1201), corresponds to three 
degrees of unsaturation. The ketone functional group accounts for one of these. Since 
camphor is a saturated compound, the other two degrees of unsaturation are due to two 
rings. 


H3C CH3 


CH3 
—O Camphor 
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12.17 Carbon is tetravalent, and nitrogen is trivalent. If a C-H unit (formula weight 13) is 
replaced by an N atom (formula weight 14), the molecular weight of the resulting 
compound increases by one. Since all neutral hydrocarbons have even-numbered 
molecular weights (C,H2n+2, C,H2n, and so forth) the resulting nitrogen-containing 
compounds have odd-numbered molecular weights. If two С-Н units are replaced by two 
N atoms, the molecular weight of the resulting compound increases by two and remains an 
even number. 


12.18 Because М* is an odd number, pyridine contains an odd number of nitrogen atoms. If 
pyridine contained one nitrogen atom (atomic weight 14) the remaining atoms would have 
a formula weight of 65, corresponding to -C5Hs. C5HsN is, in fact, the molecular 
formula of pyridine. 


12.19 Subtract the isotopic mass of the two nitrogens from the value of M*, and divide the 
quantity to the right of the decimal point by 0.00783 to find the approximate number of 
hydrogens in nicotine. The molecular formula of nicotine is СН j4N». To find the 
equivalent hydrocarbon formula, subtract the number of nitrogens from the number of 
hydrogens. The equivalent hydrocarbon formula of nicotine, СН 5, indicates five 
degrees of unsaturation — two of them due to the two rings and the other three due to three 
double bonds. 


N 2008 
| | Nicotine 
N CH3 


12.20 Use the technique described in Problem 12.1 to find the molecular formula of cortisone. 
Cortisone contains approximately 25 hydrogens. Make a table of possible molecular 
formulas for cortisone that have around 25 hydrogens and calculate the exact molecular 
weights corresponding to these formulas. 


Isotopic mass 


Molecular Mass Mass Mass Mass of | 
formula of carbons of hydrogens of oxygens molecular ion 


Cy7H5 0 324.0000 amu 20.1565 amu 15.9949 amu 360.1514 amu 


Co4H5g0, 300.0000 28.2191 31.9898 360.2089 
С,4Н,4Оз 288.0000 24.1878 47.9847 360.1725 
СН О; 252.0000 28.2191 79.9746 360.1937 


The molecular weight of C21H2805 corresponds to the observed molecular weight of 
cortisone. (Note that only the last formula has the correct degree of unsaturation, 8). 
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12.21 In order to simplify this problem, neglect the PC and °H isotopes in determining the 
molecular ions of these compounds. 


(a) The formula weight of -CH; is 15, and the atomic masses of the two bromine isotopes 


e 79 and 81. The two molecular ions of bromoethane occur at M* = 94 (50.7%) and 
= 96 (49.3%). 


(b) The formula weight of —-C6H13 is 85, and the atomic masses of the two chlorine 
isotopes are 35 and 37. The two molecular ions of 1-chlorohexane occur at M* = 120 
(75.8%) and M* = 122 (24.2%). 


12.22 Each carbon atom has a 1.10% probability of being ! 3C and a 98, 90% probability of being 
2С. The ratio of the height of the PC peak to the height of the ^C peak for a one-carbon 
compound i is (1. 10/98. 9) x 100% = 1.11%. For a six-carbon compound, the contribution 
to (M+1)" from PC is 6 x (1.10/98.9) x 100% = 6.66%. For benzene, the relative height 
of (M+1)* is 6.66% of the height of M*. 
A similar line of reasoning can be used to calculate the contribution 10 (M+1)* from 2н. 
The natural abundance of ?H is 0.015%, so ће ratio of a Н peak to a їн peak for а опе- 
hydrogen co mpound i is 0.015%. For a six-hydrogen compound, the contribution to 
(M+1)* from ^H is 6 x 0.015% = 0.09%. 


For benzene, (M+1)* is 6.75% of M*. Notice that ?H contributes very little to the size 
of (M+1)*. 


12.23 (a) The molecular formula of the ketone is CsH49O, and the fragments correspond to the 
products of alpha cleavage (McLafferty rearrangement fragments have even-numbered 
values of m/z). Draw all possible ketone structures, show the charged products of alpha 
cleavage, and note which fragments correspond to those listed. 


О + 
o, Alpha VERE EE 2 
рле —— —- | НС —С=0| + |OzC— CH5CH5CH5 
H3C% ™CH»CH»CH3| cleavage L 
Mt = 86 m/z = 43 mz =71 
i O | А _ Г CH3 J + 
А | , CH3 Alpha * 
LOs | ->  |HgC—Cz0| + | Oz C—CHCH2CH5 
HCT T" CHCHg cleavage | ы 
2 Mt = 86 = m/z = 43 m/z = 11 
О 1+ 
ОП Alpha г EN = J+ 
pox ———> | CH3CH,-C=O} + | O=C—CH>CH, 
CH3CH5t "СНСНз cleavage L 3 


Mt = 86 Е míz = 57 m/z = 51 


Either of the first two compounds shows the observed fragments in its mass spectrum. 
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(b) C5H450 is the formula of an alcohol with M* = 88. The fragment at m/z = 70 is due to 
the product of dehydration of M*. The other two fragments are a result of alpha cleavage. 
Draw the possible C5 alcohol isomers, and draw their products of alpha cleavage. The 
tertiary alcohol shown fits the data. 


+" Г J+ + 
OH OH OH 
E: | E Alpha || || 
CHCH» — C — CH ———- C Р С 
3721! |: 3 cleavage CH4CHZ ^" CH3 reed ^ CH4 
CH; - J 
M* = 88 m/z = 13 m/z = 59 
n И ЕБС хен 
| Dehydration SN 7З 
снз©н;—6—Снз | = с=с 
CH3 | H СНз | 
М+ = 88 m/z = 10 
12.24 
(s 
CH3CH»CH»CHCH 
2-Methylpentane 
te 
т. P 
CH +e 
CH3CHCH2CHCH3 
CH3 СНз 
+ + | +l + 
CH3CH2CH2CHCH3 CH»CHCHs CHCH3 CH3CH, 
m/z =71 m/z = 51 m/z = 43 m/z = 29 


The molecular ion, at m/z = 86, is present in very low abundance. The base реак, at m/z = 
43, represents a stable secondary carbocation. 


12.25 Before doing the hydrogenation, familiarize yourself with the mass spectra of cyclohexene 
and cyclohexane. Note that M* is different for each compound. After the reaction is 
underway, inject a sample from the reaction mixture into the mass spectrometer. If the 
reaction is finished, the mass spectrum of the reaction mixture should be superimposable 
with the mass spectrum of cyclohexane. 
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12.26 (a) This ketone shows mass spectrum fragments that are due to alpha cleavage and to the 
McLafferty rearrangement. The molecular ion occurs at M* = 148, and major fragments 
have m/z = 120, 105, and 71. (Note that only charged species are shown.) 


О " I: - 
X "U^ | Alpha Os 
^ if C 
cleavage * „ес; 
E "DC se 


H 
O О О 
Ж I McLafferty M | i; 


C ———- C — 
rearrangement Q Q H 67 


m/z = 120 


(b) The fragments in the mass spectrum of this alcohol (CgH,6O) result from dehydration 
and alpha cleavage. Major fragments have m/z values of 128 (the same value as the 
molecular 1on), 110, and 99. 


| он =|” Г 1 
Dehydration CY^ 
————— 
mz =110 © 
| y | us OH |* 
OH 
Alpha 
———- + 
cleavage 
| M*- 128 mz =99 —— т/с = 128 


(c) Amines fragment by alpha cleavage. In this problem, cleavage occurs in the ring, 
producing a fragment with the same value of m/z as the molecular ion (99). 


Г +: | [ H +] 
| | 
М М 
Cy | Se IC 
~- cleavage 
L M*=99 E L т =99 J 
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Infrared Spectroscopy 


12.27 CH3CH2C=CH shows absorptions at 2100—2260 сп! (С=С) and at 3300 стг! (С=С-Н) 
that are due to the terminal alkyne bond. 


H2C=CHCH=CH; has absorptions in the regions 1640—1680 стг! and 3020-3100 that 
are due to the double bonds. It also shows absorptions at 910 стг! and 990 стг! that аге 
due to monosubstituted alkene bonds. No absorptions occur in the alkyne region. 
CH3C=CCH:3. For reasons we won't discuss, symmetrically substituted alkynes such as 
2-butyne do not show a C=C bond absorption in the IR. This alkyne is distinguished from 
the other isomers in that it shows no absorptions in either the alkyne or alkene regions. 


12.28 Two enantiomers have identical physical properties (other than the sign of specific 
rotation). Thus, their IR spectra are also identical. 


12.29 Since diastereomers have different physical properties and chemical behavior, their IR 
spectra are also different. 


12.30 (a) Absorptions at 3300 cm ^! and 2150 ст! are due to a terminal triple bond. Possible 
structures: 


CH3CH2CH5C =CH (CH3)2CHC Z: CH 


(b) An IR absorption at 3400 cm”! is due to a hydroxyl group. Since no double bond 
absorption is present, the compound must be a cyclic alcohol. 


CH3 


ET | >—cH,0H = jos 
ae OH 


HO 


(c) An absorption at 1715 cm! is due to a ketone. The only possible structure is 
CH3CH2COCH3. 


(d) Absorptions at 1600 стг! and 1500 cm™! are due to an aromatic ring. Possible 
structures: 


CH5CHs 


CH3 CH3 CH3 
CH3 
CH3 
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12.31 (a) HC=CCH2NH2 CH3CH2C=N 
Alkyne absorptions at Nitrile absorption at 
3300 cm, 2100-2260 cm’! 2210-2260 ст! 


Amine absorption at 
3300-3500 стг! 


(b) CH3COCH3 CH3CH2CHO 
Strong ketone absorption Strong aldehyde absorption 
at 1715 cm ! at 1730 са 


12.32 Spectrum (b) differs from spectrum (a) in seyeral respects. Note i in particular the 
absorptions at 715 ст l (strong), 1140 cm l (strong), 1650 em. ! (medium), and 3000 
cm ! (medium) i in spectrum (b). The absorptions at 1650 ст l (C= C stretch) and 3000 
cm (=C-H stretch) сап be found in Table 12.1. They allow us to assign spectrum (b) to 
cyclohexene and spectrum (a) to cyclohexane. 


12.33 Only absorptions with medium to strong intensity are listed. 


(a) aromatic ring C=C (b) ic ri = 
H g C= H, aromatic ring C=C 
rea 1450-1600 cm-! Segoe 1450-1600 ст! 
aromatic ring C-H aromatic ring C-H 
3030 стт! 3030 cm-! 
carboxylic acid C=O aromatic ester 
1710-1760 cm-! 1715 cm-! 
carboxylic acid О-Н 
2500-3100 стт! 
(c) N aromatic ring C=C (d) О alkene С=С 
III 1450-1600 cm-! 1640-1680 cm-! 
i aromatic ring C-H alkene =С-Н 
3030 cm! 3020-3100 стт! 
alcohol O-H ketone 
3400-3650 стт! 1715 ст! 
nitrile C=N 
OH 2210-2260 cm-! 
(e) i ? ester ketone 
E -1 
CH3CCH5CHSCOCHs 1735 cm 1715 cm 


12.34 (a) CH3C=CCHs3 exhibits no terminal 2C—H stretching vibration at 3300 cm !, as 
CH3CH2Cs=CH does. 


(b) CH3COCH-ZCHCH,, a ketone next to a double bond, shows a strong ketone 
absorption at 1690 cm !; CH3COCH2CH=CH); shows a ketone absorption at 1715 
cm and monosubstituted alkene absorptions at 910 стг! and 990 em. 


(c) CH3CH2CHO exhibits an aldehyde band at 1730 em !; H5C2CHOCH; shows 


characteristic monosubstituted alkene absorptions at 910 cm ! and 990 стт !. 
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12.35 
Compound Distinguishing Due to: 
Absorption 
(a) 
CH34CH5CCH3 1715 cm-! C=O (ketone) 
(b) 
(CH3)2>CHCHsC = CH 2100-2260 стт! с=с 
3300 стт! с=с—н 
(с) 
(СНз)>СНСНЬ»СН = СН» 910 ст! 990 стг! RCH — CH5 
1640-1680 cm-! с=с 
3020—3100 стт! ==с—н 
(d) Q 
CH4CH5CH5COCH3 1735 eme C=O (ester) 
(e) О E 
y 1690 cm ketone next to 
C aromatic ring 
per 1450-1600 стт! aromatic ring 
3 
3030 cm! aromatic ring 
® n 1710 ст! aldehyde next to 
HO M aromatic ring 
H 3400-3650 стг! alcohol 
1450-1600 cm-! aromatic ring 
3030 стт! aromatic ring 
12.36 
CH 
$ CH3 
OH H340* 
——— 


1-Methylcyclohexanol 1-Methylcyclohexene 


The infrared spectrum of the starting alcohol shows a broad absorption at 3400—3640 em! 
due to an O-H stretch. The alkene product exhibits medium intensity absorbances at 
1645-1670 стг! and at 3000-3100 стг l. Monitoring the disappearance of the alcohol 
absorption makes it possible to decide when reaction is complete. It is also possible to 
monitor the appearance of the alkene absorptions. 
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12.37 


Chapter 12 


CH3 CH3 СН» 
| KOH | Il 5 
CH3CH5CCH5CH4 а= . CH4CH5C = CHCH CH3CH5CCH5CHs3 ? 
seen CH3CH5OH SMe Seo gutturis tg 
Br 
3-Bromo-3-methylpentane 3-Methyl-2-pentene 2-Ethyl-1-butene 


The IR spectra of both products show the characteristic absorptions of alkenes in the 
regions 3020-3100 cm™ апа 1650 cm™!. However, in the region 700-1000 cm m 
ethyl-1-butene shows a strong absorption at 890 стг! that is typical of 2,2- disubstituted 
R2C=CH; alkenes. The presence or absence of this peak should help to identify the 
product. (3-Methyl-2-pentene is the major product of the dehydrobromination reaction.) 


General Problems 


12.38 The following expressions are needed: 


e = hv = hc/X = с, whereV is the wavenumber. The last expression shows that, as% 
increases, the energy needed to cause IR absorption increases, indicating greater bond 
strength. Thus an ester C=O bond (V = 1735 стг!) is stronger than a ketone C=O bond 
(V = 1715 ст-!). 


12.39 Possible molecular formulas containing carbon, hydrogen, and oxygen and having M* = 


150 are C19H 440, CoH1002, and CgH¢O3. The first formula has four degrees of 
unsaturation, the second has five degrees of unsaturation, and the third has six degrees of 
unsaturation. Since carvone has three double bonds (including the ketone) and one ring, or 
four degrees of unsaturation, C19H,40 is the correct molecular formula for carvone. 


О 


Сагуопе 
H3C 


СН» 


12.40 The intense absorption at 1690 стг! is due to a ketone next to a double bond. 


12.41 The peak of maximum intensity (base peak) in the mass spectrum occurs at m/z — 67. This 


peak does not represent the molecular ion, however, because M* of a hydrocarbon must be 
an even number. Careful inspection reveals the molecular ion peak at m/z = 68. M* = 68 
corresponds to a hydrocarbon of molecular formula C5Hg with a degree of unsaturation of 
two. 

Fairly intense peaks in the mass spectrum occur at m/z = 67, 53, 40, 39, and 27. The 
peak at m/z = 67 corresponds to loss of one hydrogen atom, and the peak at m/z = 53 
represents loss of a methyl group. The unknown hydrocarbon thus contains a methyl 
group. 

Significant IR absorptions occur at 2130 стг! (-CeC- stretch) and at 3320 стг! 

(=C-H stretch). These bands indicate that the unknown hydrocarbon is a terminal alkyne. 
Possible structures for CSHg are CH3CH2CH2C=CH and (CH3)2CHC=CH. [1-Pentyne is 
correct. | 
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12.42 The molecular ion, М“ = 70, corresponds to the molecular formula C5H o. This 
compound has one double bond or one ring. 

The base peak in the mass spectrum occurs at m/z = 55. This peak represents loss of a 
methyl group from the molecular ion and indicates the presence of a methyl group in the 
unknown hydrocarbon. All other peaks occur with low intensity. 

In the IR spectrum, it is possible to distinguish absorptions at 1660 ст ! and at 3000 
cm ! due to a double bond. (The 2960 стг! absorption is rather hard to detect because it 
occurs as a shoulder on the alkane C-H stretch at 2830— 2960 cm! .) 

Since no absorptions occur in the region 890 ст 1-990 cm™!, we can exclude terminal 
alkenes as possible structures. The remaining possibilities for CsH 10 are 
CH3CH2CH=CHCHs3 апа (CH3)2C=CHCHs3. [2-Methyl-2-butene is correct. ] 


12.43 


a b 
(a) m © " Se 
CHgCHaCHCH CH3CH»CH»CH,C=N CHaÇC =N СНЗСНСНС=№ 
CH3 CH3 


12.44 The simplest way to distinguish between the two isomers is by taking their IR spectra. The 


aldehyde carbonyl group absorbs at 1730 cm, and the ketone carbonyl group absorbs at 
1715 ст 


The mass spectra of the two isomers also differ. Like ketones, aldehydes also undergo 
alpha cleavage and McLafferty rearrangements. 


McLafferty rearrangement: 


H Sdn HO + ДЕ + Bie. es 
O 
E E 9 Be = Т 
| НС “сну H HC 
m/z = 58 7 т/с = 44 


The fragments from the McLafferty rearrangements differ in values of m/z. 


Alpha cleavage: 
Е о n i J+ + 
О O 
2 + > 
iN * — "d ч 
> А X ae: CL 
| (mí =85 0 miz = 43 
£ Sites 
О 
Е 1+ 
L ba H | E E 


m/z = 29 


The fragments resulting from alpha cleavage also differ in values of m/z. 
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12.45 

CH3 
1. CH3MgBr OH 
2. H30* 


O 


The absorption at 3400 cm’! is due to a hydroxyl group. 


12.46 The absorption at 3400! is due to an alcohol. 
О OH 
Д 1. NaBH, | 
CH3CH2CCH3 zo О CH3CH2CHCH3 
3 Mt = 74 
12.47 
О 
H3O* | 
Hs М+ = 74 


The absorption at 1710 cm! is due to the carbonyl group of a carboxylic acid, and the 
absorption at 2500—3100 cm! is due to the -OH group of the carboxylic acid. 
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Chapter 13 – Structure Determination: 


Nuclear Magnetic Resonance Spectroscopy 


Chapter Outline 


I. Principles of Nuclear Magnetic Resonance Spectroscopy (Sections 13.1—13.3). 
A. Theory of NMR Spectroscopy (Section 13.1). 


1. 


Many nuclei behave as if they were spinning about an axis. 

a. The positively charged nuclei produce a magnetic field that can interact with an 
externally applied magnetic field. 

b. The PC nucleus and the !H nucleus behave in this manner. 

c. Inthe absence of an external magnetic field the spins of magnetic nuclei are 
randomly oriented. 


. When a sample containing these nuclei is placed between the poles of a strong 


magnet, the nuclei align themselves either with (parallel to) the applied field or 
against (antiparallel to) the applied field, measured in Tesla (T). 
a. The parallel orientation is slightly lower in energy and is slightly favored. 


. If the sample is irradiated with radiofrequency energy of the correct frequency, the 


nuclei of lower energy absorb energy and "spin-flip" to the higher energy state. 
a. The magnetic nuclei are in resonance with the applied radiation. 
b. The frequency of the rf radiation needed for resonance depends on the applied 
magnetic field strength and on the identity of the magnetic nuclei. 
i. Inastrong magnetic field, higher frequency rf energy is needed. 
п. Ata magnetic field strength of 4.7 T, rf energy of 200 MHz is needed to 
bring a H nucleus into resonance, and energy of 50 MHz for BG: 


4. Nuclei with an odd number of protons and nuclei with an odd number of neutrons 


show magnetic properties. 


B. The nature of NMR absorptions (S ection 13.2). 


1. 


Not all C nuclei and not all ЇН nuclei absorb at the same frequency. 

a. Each magnetic nucleus is surrounded by electrons that set up their own 
magnetic fields. 

b. These small fields oppose the applied field and shield the magnetic nuclei. 
1. Betrective = Ba pplied — Byocal- 
п. This expression shows that the magnetic field felt by a nucleus is less than 

the applied field. 

c. These shielded nuclei absorb at slightly different values of magnetic field 
strength. 

d. Asensitive NMR spectrometer can detect these small differences. 

e. Thus, NMR spectra can be used to map the carbon-hydrogen framework of a 
molecule. 


2+ nud spectra. 


The horizontal axis shows effective field strength, and the vertical axis shows 
intensity of absorption. 

b. Each peak corresponds to a chemically distinct nucleus. 

c. Zero absorption is at the bottom. 

d. Absorptions due to both 1C and ЇН can't both be observed at the same time 
and are displayed on separate spectra. 


3. Operation of an NMR spectrometer 


a. A solution of a sample is placed in a thin glass tube between the poles of a 
magnet. 

b. The strong magnetic field causes the nuclei to align in either of the two possible 
orientations. 
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c. The strength of the applied magnetic field is varied, holding the rf frequency 
constant. 

d. Chemically distinct nuclei come into resonance at slightly different values of B. 

e. A detector monitors the absorption of rf energy. 

f. The signal is amplified and recorded as a peak. 

Time scale of NMR absorptions. 

a. The time scale (1073 s) of NMR spectra is much slower than that of most other 
spectra. 

b. Ifa process occurs faster than the time scale of NMR, absorptions are observed 
as "time-averaged" processes. 

i. NMR records only a single spectrum of the time-averaged process. 

c. NMR can be used to measure rates and activation energies of fast processes. 

i. Because cyclohexane ring-flips are very fast at room temperature, only a 
single peak is observed for equatorial and axial hydrogens at room 
temperature. 

п. At —0 °C, both axial and equatorial hydrogens can be identified. 

C. ue Shifts (Section 13.3). 
. On NMR spectra, field strength increases from left (downfield) to right (upfield). 
a. Nuclei that absorb downfield require a lower field strength for resonance and 
are deshielded. 
b. Nuclei that absorb upfield require a higher field strength and are shielded. 
2. TMS is used as a reference point in both "C NMR and H NMR. 
a. The TMS (tetramethylsilane) absorption occurs upfield of most other 
absorptions, and is set as the zero point. 
3. The chemical shift is the position along the x-axis where a nucleus absorbs energy. 
4. NMR charts are calibrated by using an arbitrary scale — the delta (8) scale. 
a. Oneéequals 1 ppm of the spectrometer operating frequency. 
b. By using this system, all chemical shifts occur at the same value of ô, regardless 
of the spectrometer operating frequency. 
5: NMR absorptions occur over a narrow range. 
a. 'Н absorptions occur 0-10 à downfield from TMS. 
b. С absorptions occur 1—220 6 downfield from TMS. 
c. The chances of accidental overlap can be reduced by using an instrument with a 
higher field strength. 
II. PC NMR spectroscopy (Sections 13.4—13.7). 
A. lum averaging and FT (fourier-transform)-NMR (Section 13.4). 
The low natural abundance of ^C (1.1%) makes it difficult to observe BG peaks 
because of background noise. 
2. If hundreds of individual runs are averaged, the background noise cancels. 
a. This technique takes a long time. 
3. In FT-NMR, all signals are recorded simultaneously. 
a. The sample is irradiated with a pulse of rf energy that covers all useful 
frequencies. 
b. Theresulting complex signal must be mathematically manipulated before 
display. 
c. FT-NMR takes only a few seconds per spectrum. 
4. FT-NMR and signal averaging provide increased speed and sensitivity. 
a. Only a few mg of sample are needed for ^C NMR spectra. 
b. Only afew © of sample are needed for IH NMR spectra. 
B. Characteristics of "C NMR spectroscopy (Section 13.5). 
1. Each distinct carbon shows a single line. 
2. The chemical shift depends on the electronic environment within a molecule. 
a. Carbons bonded to electronegative atoms absorb downfield. 


4. 
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Carbons with sp? hybridization absorb in the range 0—90 6. 
Carbons with sp? hybridization absorb in the range 110—220 8. 
i. Carbonyl carbons absorb in the range 160—220 à. 


3. Molecular symmetry reduces the number of absorptions. 
4. Peaks aren't uniform in size and are not integrated. 
C. DEPT "C NMR spectra (Section 13.6). 
With DEPT experiments, the number of hydrogens bonded to each carbon can be 
determined. 
DEPT experiments are run in three stages. 


1. 
2 


а. 
b. 
c. 


b. 
с. 
d. 


A broadband decoupled spectrum gives the chemical shifts of all carbons. 

A DEPT-90 spectrum shows signals due only to CH carbons. 

A DEPT-135 spectrum shows CH3 and CH resonances as positive signals, and 
CH» resonances as negative signals. 


. Interpretation of DEPT spectra. 
a. 


Subtract all peaks in the DEPT-135 spectrum from the broadband-decoupled 
spectrum to find C. 

Use DEPT-90 spectrum to identify CH. 

Use negative DEPT-135 peaks to identify CH». 

Subtract DEPT-90 peaks from positive DEPT-135 peaks to identify CH3. 


D. Uses of ^C NMR spectroscopy (Section 13.7). 


a. 


C NMR spectroscopy can show the number of nonequivalent carbons in a 
molecule and can identify symmetry in a molecule. 


Ш. ЇН NMR Spectroscopy (Sections 13.8—13.13). 
A. Proton equivalence (Section 13.8). 
IH NMR can be used to determine the number of nonequivalent protons in a 


1. 
2 


molecule. 

If it is not possible to decide quickly if two protons are equivalent, replace each 

proton by -X. 

a. Ifthe protons are unrelated, the products formed by replacement are 
constitutional isomers. 

b. Ifthe protons are chemically identical, the same product will form, regardless of 
which proton is replaced, and the protons are homotopic. 

c. Ifthe replacement products are enantiomers, the protons are enantiotopic. 

d. Ifthe molecule contains a chirality center, the replacement products are 


diastereomers, and the protons are diastereotopic. 


B. Chemical shifts in 'H NMR spectroscopy (Section 13.9). 
Chemical shifts are determined by the local magnetic fields surrounding magnetic 
nuclei. 


1. 


а. 
b. 


More strongly shielded nuclei absorb upfield. 
Less shielded nuclei absorb downfield. 


Most 'H NMR chemical shifts are in the range 0-10 à. 


a. 
b. 
С. 


бово сь 


Protons that аге sp?-hybridized absorb at higher field strength. 

Protons that are sp’-hybridized absorb at lower field strength. 

Protons on carbons that are bonded to electronegative atoms absorb at lower 
field strength. 


. The 'HNMR spectrum can be divided into 5 regions: 


Saturated (0—1.5 6). 

Allylic (1.5-2.5 8). 

H bonded to C next to an electronegative atom (2.5—4.5 8). 

Vinylic (4.5—6.5 8). 

Aromatic (6.5—8.0 8). 

Aldehyde and carboxylic acid protons absorb even farther downfield. 
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C. Integration of ІН NMR signals: proton counting (Section 13.10). 


1. 
2. 


D. Spi 
1. 


2: 


3. 
4. 


The area of a peak is proportional to the number of protons causing the peak. 

Modern NMR instruments provide a digital readout of relative peak areas, although 

older instruments showed a stair-step line. 

n-spin splitting (Section 13.11). 

The tiny magnetic field produced by one nucleus can affect the magnetic field felt by 

a neighboring nucleus. 

Protons that have n equivalent neighboring protons show a peak in their IH NMR 

spectrum that is split into n + 1 smaller peaks (a multiplet). 

This splitting is caused by the coupling of spins of neighboring nuclei. 

The distance between peaks in a multiplet is called the coupling constant (J). 

a. The value of J is usually 0-18 Hz. 

b. The value of J is determined by the geometry of the molecule and is independent 
of the spectrometer operating frequency. 

c. The value of J is shared between both groups of hydrogens whose spins are 
coupled. 

d. By comparing values of J, it is possible to know the atoms whose spins are 
coupled. 

Three rules for spin-spin splitting in IH NMR: 

a. Chemically identical protons don't show spin-spin splitting. 

b. The signal of a proton with n equivalent neighboring protons is split into a 
multiplet of n + 1 peaks with coupling constant J. 

c. Two groups of coupled protons have the same value of J. 


. Spin-spin splitting isn't seen in PC NMR. 


a. Although spin-spin splitting can occur between carbon and other magnetic 
nuclei, the spectrometer operating conditions suppress it. 

b. Coupling between the spins of two ~C nuclei isn't seen because of the low 
probability that two PC nuclei might be adjacent. 


E. Complex spin-spin splitting (Section 13.12). 


1. 
23 


F. !H 


13.1 


Е = 


At times the signals in a IH NMR absorption overlap accidentally. 
Also, signals may be split by two or more nonequivalent kinds of protons. 
a. To understand the effect of multiple coupling, it helps to draw a tree diagram. 
b. In this type of multiplet, the peaks on one side of the multiplet may be larger 
than those on the other side. 
i. The larger peaks are on the side nearer to the coupled partner. 
ii. This helps identify the nuclei whose spins are coupled. 
NMR can be used to identify the products of reactions. (Section 13.13). 


Solutions to Problems 


1.20 x 107^ kJ/mol 


À (in m) 
c | 3.0x 108 m/s | 


= ; v = 187 MHz = 1.87 x 108 Hz 
У У 
8 
_ 3.0 х 10° m/s _ 1.60 т 
1.87 x 10° Hz 
=й 
1.20 x — mol mox dol 


Compare this value with E = 8.0 x 1075 kJ/mol for ЇН (given in the text). It takes slightly 


less en 


ergy to spin-flip a PF nucleus than to spin-flip a Н nucleus. 
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13.2 


13.3 


13.4 


13.5 
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8 
j nho n OS Ж ecd NE E Doe dO D 
У У 
8 
л = 20x10 ms _ уо 
3.0 x 10? Hz 
4 
pie T me = 1.20 x 104 kJ/mol 


Increasing the spectrometer frequency from 200 MHz to 300 MHz increases the amount of 
energy needed for resonance. 


b H СНз a 
ee 3 
2-Chloropropene has three kinds of protons. Protons b and c differ because one is cis to 
the chlorine and the other is trans. 


_ Observed chemical shift (in Hz) 


2 200 MHz 
1454 Hz 610 Hz 
= ——__— = 7,27 ð for CHCI = ———— = 3.05 6 for CH3Cl 
(a) д 200 MHz 7.278 for CHCl (b) д 200 MHz 5 6 for CH3C 
693 Hz 1060 Hz 
c -————— = 3.466 for CHOH (d = ———— = 5.30 6 for CH;CI 
(с) à 300 MB: 6 ӧ for CHOH (d) 6 300 MEE 5.30 6 for CHCl, 
(a) Te Observed chemical shift (# Hz away from TMS) 


Spectrometer frequency in MHz 
Units of д are parts per million. In this problem, 6 = 2.1 ppm 


Bos = Observed chemical shift 
POPE 200 (MHz) 


420 Hz = Observed chemical shift 


(b) If the IH NMR spectrum of acetone were recorded at 500 MHz, the position of 
absorption would still be 2.1 5 because measurements given in ppm or 6 units are 
independent of the operating frequency of the NMR spectrometer. 


(c) 218 = CR 500 (MED shill. Otierved chemical ЕЕ 105002 
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13.6 
(a) 3 
plane of 
7 » ee eu symmetry 
3 
Methylcyclopentane 


Four resonance lines are observed 
because of symmetry. 


plane of 

symmetry 
2 

3 Gis 

1,2-Dimethylbenzene 


Four resonance lines are seen. 


Five resonance lines are seen. 


13.7 Many other structures can be drawn. 


3 4 3 
2 Cts 2 
CH3 
5 1 
d "n 
я з 


(а) 
4 
5 7 


(б , 
нс, 
2 CHCHCI 
/ 4 
H3C 
3 
Two of the 4 carbons are equivalent. 
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1-Methylcyclohexene 


Seven lines are seen because 
no two carbons are equivalent 


© ae. CH 
3^4 37 3 
C=C 
/ \2 
H CH3 


2-Methyl-2-butene 


Five resonance lines are observed. 
Carbons 1 and 2 are nonequivalent 
because of the double bond stereo- 
chemistry. 


(b 1 6 7 
Нас, 4 4 CH2CH 


2/ N5 
H3C CH3 


Seven resonance lines are seen. 


(b) 
HC, 
4 CHCH»CH»CH3 
/ 3 2 1 
НЗС 5 


Two of the 6 carbons are equivalent. 


13.8 


13.9 


13.10 
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Methyl propanoate has 4 unique carbons, and each one absorbs in a specific region of the 

C spectrum. The absorption (4) has the lowest value of à and occurs in the -CH3 region 
of the °C spectrum. Absorption (3) occurs in ће -CH»- region. The methyl group (1) is 
next to an electronegative atom and absorbs downfield from the other two absorptions. The 
carbonyl carbon (2) absorbs the farthest downfield. 


Ó(ppm) | Assignment 


P 9.3 4 
CH3CH2COCHs 21.6 3 
t aed 51.4 1 

174.6 2 


The top spectrum shows all eight PC NMR peaks. The middle spectrum (DEPT-90) 
shows only peaks due to CH carbons. From the DEPT-90 spectrum, the absorption at 124 
ô can be assigned to the vinyl carbon (5), and the absorption at 68 ё can be assigned to the 
—OH carbon (2). 


The DEPT-135 spectrum shows all but the quaternary carbon (6), which appears in the 
top spectrum at 132 6. The top half of the DEPT-135 spectrum shows absorptions due to 
CH; carbons and CH carbons (which we have already identified). The 3 remaining peaks 
on the top of the DEPT-135 spectrum are due to methyl groups. Although we haven't 
learned enough to distinguish among these peaks, the peak at 23 6 is due to carbon (1). 
The other two peaks arise from carbons (7) and (8) (18 6 , 26 6). 


The bottom half of the DEPT-135 shows the two CH; carbons. Carbon (3) absorbs at 
39 8 (negative), and carbon (4) absorbs at 24 5 (negative). 


Carbon Chemical Shift (6) 
1 23 


68 
39 (negative) 


2 
3 
7 5 3 1 4 24 (negative) 
6-Methyl-5-hepten-2-ol 5 124 
6 
7 


132 
‚8 18, 26 


Identify the carbons as CH3, СН», СН or quaternary, and use Figure 13.7 to find 
approximate values for chemical shifts. (When an actual spectrum is given, it is easier to 
assign the carbons to the chemical shifts.) Remember: DEPT-90 spectra identify CH 
carbons, and DEPT-135 spectra identify CH3 carbons (positive peaks), CH carbons 
(positive peaks already identified), and СН» carbons (negative peaks). Quaternary carbons 
are identified in the broadband-decoupled spectrum, in which all peaks appear. 
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Carbon | Chemical Shift (5) DEPT-90? DEPT-135? 


1 10—30 no yes (positive) 
is ^o О 2 30—50 no yes (negative) 
pu 3 160—220 no no 
5“ 3 1 4 110-150 yes yes (positive) 
x ‘ Е 5 110-150 no no 
6 10—30 no yes (positive) 
i 50-90 no yes (positive) 


13.11 Always start this type of problem by calculating the degree of unsaturation of the unknown 
compound. С11Н16 has 4 degrees of unsaturation. Since the unknown hydrocarbon is 
aromatic, a benzene ring accounts for all four degrees of unsaturation. 

Next, look for elements of symmetry. Although the molecular formula indicates 11 
carbons, only 7 peaks appear in the PC NMR spectrum, indicating a plane of symmetry. 
Four of the 7 peaks are due to aromatic carbons, indicating a benzene ring that is probably 
monosubstituted. (Prove to yourself that a monosubstituted benzene ring has 4 different 
kinds of carbons). 


The DEPT-90 spectrum shows that 3 of the kinds of carbons in the aromatic ring are CH 
carbons. The positive peaks in the DEPT-135 spectrum include these three peaks, along 
with the peak at 29.5 8, which is due to a CH3 carbon. The negative peak in the DEPT-135 
spectrum is due to a СН» carbon. 

Two peaks remain unidentified and are thus quaternary carbons; one of them is 
aromatic. 

At this point, the unknown structure is a monosubstituted benzene ring with a 
substituent that contains СН», C, and CH3 carbons. A structure for the unknown 
compound that satisfies all data: 


13.12 
i 
CH3CH5CH5CH5C =CH9 
2-Bromo-1-hexene 
or 
CH3CH5CH5CH5CH —CHBr ? 
1-Bromo-1-hexene 


The two possible products are easy to distinguish by using | 2G NMR. 2-Вгото- 1-ћехепе, 
the actual product formed, shows no peaks in its DEPT- 90 PC NMR spectrum because it 
has no CH carbons. The other possible product, 1-bromo-1-hexene, shows 2 peaks in its 

DEPT-90 spectrum. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


Structure Determination: 


Nuclear Magnetic Resonance Spectroscopy 297 


13.13 First, check for protons that are unrelated (none appear in this problem). Next, look for 
molecules that already have chirality centers. Replacement of a -CH»- proton by X in (d) 
and (e) produces a second chirality center, and the two possible replacement products are 
diastereomers. Thus, the indicated protons in (d) and (e) are diastereotopic. 

Finally, for the other molecules, mentally replace each of the two hydrogens in the 
indicated set with X, a different group. In (a), the resulting products are enantiomers, and 
the protons are enantiotopic. Replacement of the protons in (b) produces two chirality 
centers (the carbon bearing the hydroxyl group is now chiral) and the indicated protons are 
diastereotopic. Replacement of one of the methyl protons in each of the groups in (c) 
produces a pair of double-bond isomers that are diastereomers; these protons are 
diastereotopic. The protons in (f) are homotopic, producing only one signal. 


(a) enantiotopic 
ұ y 
H H 


—> Н 


О 


(d) diastereotopic 
O H H 


A. S 


H 
Br 
13.14 
Kinds of non- 

Compound equivalent protons 
@) 1 2 

CH3CH2Br 2 
© | 5 5 

CH3CH5CH5NO» 3 


(b) diastereotopic 


—»H 


(e) diastereotopic 


(c) diastereotopic 


H Hg Н 
OH C=C 
/ \ 
—Á- H3C CH3 


(f) homotopic 


—> H 
СНз <— 
СНз <— -=H 
Kinds of non- 
Compound equivalent protons 
(b) 4 
CH3 4 
1 2 |з 4 
CH3OCH>CHCH3 
(d) 3 2 
H H 4 
4 1 
H CH3 
3 2 
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Kinds of non- Kinds of non- 
Compound equivalent protons Compound equivalent protons 
(e) 3 4 В (D. 2, 21 
[ 
с H CH3CH2 — CH2CHs 3 
= = 
1 72 NG T | ©з 
The two vinylic protons plane of 
are nonequivalent. symmetry 
13.15 
4 3 
HO H 
EM. C 60s" 
TOC (S)-Malate 
24 M1 
H H 
Аа X 
diastereotopic 


Because (S)-malate already has a chirality center (starred), the two protons next to it are 
diastereotopic and absorb at different values. The IH NMR spectrum of (S)-malate has 


four absorptions. 


13.16 
Compound 8 Kind of proton 
(a) CgH12 1.43 secondary alkyl 
(b) CH3gCOCH3 2:17 methyl ketone 
(c) Сн 7.37 aromatic 
(d) CH5Cl 5.30 protons adjacent to two halogens 
(e) OHCCHO 9.70 aldehyde 
(f) (CH3)3N 2.12 methyl protons adjacent to nitrogen 
13.17 
Proton 8 Kind of proton 
5 4 1 1.0 primary alkyl 
6 | | 2 1 2 1.8 allylic 
H Cap- CHeCHs 3 6.1 УЕ 
" А 2 4 6.3 vinylic (different from proton 3) 
CH30 М H 5 7.2 aromatic 
H 6 6.8 aromatic 
7 3.8 ether 


This compound has seven different kinds of protons. Notice that the two protons labeled 5 
are equivalent, as are the two protons labeled 6 because of rotation around the bond joining 
the aromatic ring and the alkenyl side chain. 
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13.18 


H3C СНз р-ХуІепе 


There are two absorptions in ће IH NMR spectrum of p—xylene. The four ring protons 
absorb at 7.05 8, and the six methyl-group protons absorb at 2.23 5. The peak ratio of 
methyl protons:ring protons is 3:2. 


methyl 
protons 


ring 
protons 


Ô 
13.19 
Number of 
Compound Proton Adjacent Protons Splitting 
a 2 
CHBr5CHs3 1 3 quartet 
2 1 doublet 
(b) 1 2 3 
CH30CH2CHoBr 1 0 singlet 
2 2 triplet 
3 2 triplet 
© 4 5 4 
2 4 quintet 
(d) 4 
sC n 1 1 doublet 
1 2 3 4 2 6 septet 
CH3CHCOCH»CH3 * a quand 
4 2 triplet 
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13.20 


13.21 


Chapter 13 


Number of 
Compound Proton Adjacent Protons Splitting 
(e) 4 
n Gls 1 2 triplet 
1 2 3 4 2 3 quartet 
CH4CH5COCHCHs | * ишге 
4 1 doublet 
Yi E cae B 1 2 triplet 
h М 2 1 doublet 
3 1 multiplet 
4 1 multiplet 
1 4 
H H 
2 2 3 
H H H 


The splitting patterns for protons 3 and 4 are complex and are not explained in the text. 


Calculate the degree of unsaturation, and note the number of peaks to see if symmetry is 
present. 

(a) This compound has no degrees of saturation and only one kind of hydrogen. The only 
possible structure is CH30CH3. 

(b) Again, this compound has no degrees of unsaturation and has two kinds of hydrogens. 
The compound is 2-chloropropane. 

(c) This compound, with no degrees of unsaturation, has two different kinds of hydrogen, 
each of which has two neighboring hydrogens. 

(d) C4Hg02; one degree of unsaturation and 3 different kinds of hydrogen. 


(a) O а (c) (d) А 
| Д 
CH30CH3 CH3CHCH3 CICH;CHSOCH5CH5CI CH3CH»COCH, 


o or 
|| 
CH3COCH,CH 


The molecular formula (САНОО) indicates that the compound has no multiple bonds or 
rings. The IH NMR spectrum shows two signals, corresponding to two types of 
hydrogens in the ratio 1.50:1.00, or 3:2. Since the unknown contains 10 hydrogens, four 
protons are of one type and six are of the other type. 

The upfield signal at 1.22 à is due to saturated primary protons. The downfield signal at 
3.49 6 is due to protons on carbon adjacent to an electronegative atom — in this case, 
oxygen. 

The signal at 1.23 6 is a triplet, indicating two neighboring protons. The signal at 3.49 
5 is a quartet, indicating three neighboring protons. This splitting pattern is characteristic of 
an ethyl group. The compound is diethyl ether, CH3CH,0CH2CH3. 
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13.22 


1 
H 
| 3 


C CHB 
CY >` T Ba (E)-3-Bromo-1-phenyl-1-propene 
2 
H 


Coupling of the C2 proton to the Cl vinylic proton occurs with J = 16 Hz and causes the 
signal of the C2 proton to be split into a doublet. The C2 proton is also coupled to the two 
C3 protons with J = 8 Hz. This splitting causes each leg of the C2 proton doublet to be 
split into a triplet, producing six lines in all. Because of the size of the coupling constants, 
two of the lines coincide, and a five-line multiplet is observed. 


13.23 


Focus on the 'H NMR methyl group absorption. In the left product, the methyl group 
signal is unsplit; in the right product, it appears as a doublet. In addition, the right product 
shows a downfield absorption in the 2.5 5 — 4.0 6 region due to the proton bonded to a 
carbon that is also bonded to an electronegative atom. If you were to take the ІН NMR 
spectrum of the reaction product, you would find an unsplit methyl group, and you could 
conclude that the product was 1-chloro-1-methylcyclohexane. 
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Visualizing Chemistry 


13.24 
(a) (b) à 7 


О С 
я II 3 Т p 
—> H 2 
j Усе “онго `с% 
H4C H i Hine 
2 —> H3C H 
2 
1. doublet H =— 
2. septet singlet 


doublet 
doublet 
doublet 
triplet 


3. singlet 


л > ошоо цо н 


13.25 None of the hydrogens or carbons are equivalent. 


1H NMR: 5 signals 13С NMR: 7 signals 


AE 
i О 
4 < 
H 
3 1 
Ha А H 
H CH3 H ^ 4CHs 


13.26 The compound has 5 different types of carbons and 4 different types of hydrogens. 


13C ІН 


3 3 
H H O H H 
C с с | С l c. 
H 2 5 H 4 
3 S67 Oa CHa 3 ae ee “сн, 
ZN 2/5 
H CI H CI 
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200 150 100 50 0 
Chemical Shift (8) 


Chemical Shift (8) 


13.27 If you assign R,S configurations to the two carbons bonded to the methyl group, it is 
apparent that cis-1,2-dimethylcyclohexane is a meso compound. When the cyclohexane 
ring undergoes a ring- flip, the ring passes through an intermediate that has a plane of 
symmetry. Both the ЗС NMR spectrum and the ІН NMR spectrum show 4 peaks. 


13C 
1 
3 
4 
2 “СНз 
1 
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13.28 (a) Because cysteine has a chirality center, the indicated protons are diastereotopic. 
(b) Imagine replacing first one, then the other, of the indicated protons with a substituent 
X. The two resulting compounds would be enantiomers. The protons are thus 
enantiotopic. 


(a) diastereotopic (b) 


N / 


H H 
HN H N И 


enantiotopic 


Additional Problems 
Chemical Shifts and NMR Spectroscopy 


13.29 


m Observed chemical shift (in Hz) 


200 MHz 
(а) 2.185 (6) 4785 (0) 7.52% 


13.30 ô x 300 MHz = Observed chemical shift (in Hz) 
(a)630Hz  (b)1035Hz (c)1890Hz (d) 2310 Hz 


13.31 (a) Since the symbol "$" indicates ppm downfield from TMS, chloroform absorbs at 7.3 


ppm. 
(b) = Observed chemical shift (in Hz) 
—. Spectrometer frequency in MHz 
7.3 ppm = сын. 7.3 ppm x 360 MHz = chemical shift 


360 MHz 
2600 Hz = chemical shift 


(c) The value of 8 is still 7.3 because the chemical shift measured in 8 is independent of the 
operating frequency of the spectrometer. 


13.32 C NMR absorptions occur over a range of 250 ppm, while ІН NMR absorptions 
generally occur over a range of only 10 ppm. The spread of peaks in PC NMR is therefore 
much greater, so accidental overlap is less likely. In addition, normal ВС NMR spectra are 
uncomplicated by spin-spin splitting, and the total number of lines is smaller. 


13.33 A nucleus that absorbs at 6.50 à is less shielded than a nucleus that absorbs at 3.20 8 and 
thus requires a weaker applied field to come into resonance. A shielded nucleus feels a 
smaller effective field, and a stronger applied field is needed to bring it into resonance. 
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INMR Spectroscopy 


13.34 
Kinds of non- Kinds of non- 
Compound equivalent protons Compound equivalent protons 
(a) 4 1 (b) 
H30 СНз 
1 2 3 4 
2 2 4 CH3CH2CH2O0CH3 4 
3 3 
4 
(c) (d) 3 
1 
1 
1 1 4 
2 А 2 2 C Sc UH 6 
| 
2 2 H 
6 4 2 
1 1 5 
(e) 3 
H 
2 | 
H C 4 5 
`c? “COsCHsCH3 5 
1 
H 
13.35 
Lowest Chemical Shift. —————— — — — — —e Highest Chemical Shift 
CH4 < Сусіоһехапе < CH3COCH4 < CHoClo, HoC-CH2 < Benzene 
0.23 1.43 2.17 5.30 5.33 7.37 
13.36 
(а) (b) 
HaC CH3 43 | 3 2 
с=с, CHg Hers GH 
О о=с С 
H3C CH3 \ [лт 
T9 Hoc—cH, Cs 
13C: 2 absorptions 13C: 5 absorptions 1H: 3 absorptions 
1H: 1 absorption (at room temperature) (at room temperature) 
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© 6 (d) с 
II ll 1 П 
CH3CCH3 (CH3)3CCCH3 (CH3)3CCCH3 
1 234 
13C: 2 absorptions 
1H: 1 absorption 13C: 4 absorptions 1H: 2 absorptions 
© (D H3C CH3 
H3C CH3 X 
13C: 3 absorptions 13C: 3 absorptions 
1H: 2 absorptions 1H: 2 absorptions 
13.37 
(a) (b) (c) Š 
we O С) 
О 
13.38 
Number Peak Splitting 
Compound of peaks Assignment Pattern 
(а) d 2 
(CH3)3CH 2 1 doublet (9H) 
2 multiplet (dectet) (1H) 
(b) О 3 1 triplet (3H) 
1 2 3 2 quartet (2H) 
CH3CH2COCH3 3 singlet (3H) 
с 
EE. сн, 2 1 doublet (6H) 
\ / 2 quartet (2H) 
C=C 
1 / \2 
НС H 
13.39 
Peak Splitting 
О Assignment Pattern 
1211 3 4 | 
CH3CH2COCH(CH3)o I triplet (3H) 
2 quartet (2H) 
3 septet (1H) 
4 doublet (6H) 
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13.40 (a) ы (b) diastereotopic (c) diastereotopic 
— H Hæ —>H Hæ H H H H 


y 


Refer to Problem 13.13 for help. The protons in (c) are diastereotopic because the 
molecules that result from replacement of the indicated hydrogens are diastereomers (prove 
it to yourself with models). 


13.41 (a) homotopic (b) enantiotopic diastereotopic 


H <— Н <— 
ML 


HaC <— 


Н <— Н <— 


13.42 Use of PC NMR to distinguish between the two isomers has been described in the text in 
Section 13.7. 'H NMR can also be useful. 


СН» CH3 


A B 


Isomer A has only four kinds of protons because of symmetry. Its vinylic proton 
absorption (4.5—6.5 8) represents two hydrogens. Isomer B contains six different kinds of 
protons. Its ІН NMR shows an unsplit methyl group signal and one vinylic proton signal 
of relative area 1. These differences make it possible to distinguish between A and B. 


13.43 First, check each isomer for structural differences that are recognizable in the IH NMR 
spectrum. If it's not possible to pick out distinguishing features immediately, it may be 
necessary to sketch an approximate spectrum of each isomer for comparison. 


(a) CH3CH-2CHCH?CH; has two vinylic protons with chemical shifts at 5.4—5.5 8. 
Because ethylcyclopropane shows no signal in this region, it should be easy to 
distinguish one isomer from the other. 


(b) CH3CH2OCH2CH; has two kinds of protons, and its IH NMR spectrum consists of 
two peaks — a triplet and a quartet. CH30CH2CH2CH; has four different types of 
protons, and its spectrum is more complex. In particular, the methyl group bonded to 
oxygen shows an unsplit singlet absorption. 
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(c) Each compound shows three peaks in its IH NMR spectrum. The ester, however, 
shows a downfield absorption due to the -CH»— hydrogens next to oxygen. No 
comparable peak shows in the spectrum of the ketone. 


I 
CH,COCH,CH, 


8 6 4 2 
Chemical Shift (8) 


| 
CH3CH2CCH3 


6 4 2 0 
Chemical Shift ($) 


d) Each isomer contains four different kinds of protons — two kinds of methyl protons 
and two kinds of vinylic protons. For the first isomer, the methyl peaks are both 
singlets, whereas for the second isomer, one peak is a singlet and one is a doublet. 


13.44 
(a) А 
tell 

(CH3)2CHCCH3 

1 = 0.95 8 (isopropyl group) 

2 = 2.10 6 (methyl ketone) 

3 = 2.43 8 (isopropyl group) 
13.45 

CH3CHCH>Br 


(b) 1 
H3C H 
€ exer 2,3 
y \ 
Br H 
1 = 2.32 6 (methyl group attached 
to double bond) 
2,3 = 5.35 6,5.54 8 (vinylic H) 
0) а 


| 
CH3CHCH5CH;CI 
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Зс NMR Spectroscopy 


13.46 
H СНз 
H 3 B 
H 
H HaC 
CH 3 : : 
: n ring-flip n ring-flip 
H3C 
cis-1,3-Dimethyl- H3C H H CH3 
cyclohexane 
H CH3 CH3 H 


trans-1,3-Dimethylcyclohexane 


cis-1,3-Dimethylcyclohexane is a meso compound. Because of symmetry, it shows 5 
absorptions in its °С NMR spectrum. trans-1,3-Dimethylcyclohexane exists as a pair of 
enantiomers, which, at room temperature, undergo ring-flips that average the absorptions 
due to nonequivalent carbons. Like the cis isomer, the racemic mixture of trans 
enantiomers shows 5 absorptions in its Bc spectrum. 


13.47-13.48 

Number 

of 13C 
Compound | Absorptions 


Carbons Showing Peaks in DEPT-135 12C NMR Spectrum 


Positive Peaks | Negative Peaks No Peaks 


() ү н 
Нас СНз 5 carbon 1 carbons 3,4,5 carbon 2 
3 3 
4 4 
5 
(b) 
1 2 3 
CH3CH20CH3 3 carbons 1,3 carbon 2 
(c) 1 
Cn 6 carbons 1,3 carbons 4,5,6 carbon 2 
1 1 
HaC—C;-7 CH3 
4 4 
5 5 
6 
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Carbons Showing Peaks in DEPT-135 12C NMR Spectrum 


Positive Peaks | Negative Peaks No Peaks 


(d) 
3 
СНз 6 carbons 1,3,4,6 carbon 5 carbon 2 
6 541 2 1 
CH4CH5CHC Z CH 
(e) 1 1 
H3C CH3 4 carbons 1,2 carbons 3,4 
2 
H-- --H 
3 3 
4 4 
(f А 
120 4 carbons 2,3,4 carbon 1 
3 
4 2 
3 


13.49 Either ЇН NMR or ^C NMR can be used to distinguish among these isomers. In either 
case, it is first necessary to find the number of different kinds of protons or carbon atoms. 


Kinds of Kinds of Carbon Number of !H Number of !3C 


Compound Protons atoms NMR peaks NMR peaks 
г І І 1 1 

HC — CH» 

HoC-—CHCHSCHS 5 4 5 4 
CH3CH = CHCH3 2 2 2 2 
(CH3)5C = СН» 2 3 2 3 


PC NMR is the simplest method for identifying these compounds because each isomer 
differs in the number of absorptions in its C NMR spectrum. IH NMR can also be used 
to distinguish among the isomers because the two isomers that show two ІН NMR peaks 
differ in their splitting patterns. 
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13.50 
Number of Distinguishing 
Peaks Absorptions 
О 
13С 7 Two vinylic peaks 
1H 2 Unsplit vinylic peak, relative area 1 
CH3 
| 13C 5 One vinylic peak 
ІН 4 Split vinylic peak, relative area 2 


O 
/ 
Q 
I 
5] 


The two isomers have different numbers of peaks in both ІН NMR and C NMR. In 
addition, the distinguishing absorptions in the vinylic region of both the ІН and PC 
spectra make it possible to identify each isomer by its NMR spectrum. 

The ketone IR absorption of 3-methyl-2-cyclohexenone occurs near 1690 cm! because 
the double bond is one bond away from the ketone group. The ketone IR absorption of 3- 
cyclopentenyl methyl ketone occurs near 1715 cm‘, the usual position for ketone 


absorption. 
13.51 
Carbon ô (ppm) 
0 1 14 
5 
30. 2-21 2 61 
6 4  'OCH;CHs 3 166 
4 
7 5 — Ethyl benzoate : 127-133 (4 peaks) 
6 
7 


General Problems 


13.52 (a),(b) СзНсО contains one double bond or ring. Possible structures for C3H¢O include: 


Hey үз О 
/N 
HC —O НС — СНСНз НС = СНОСНз 
Cyclic ether Cyclic ether Ether, double bond 
O O 
HoC. _ „ОН II II 
HC = CHCH50H 1 pica CH3CCH3 CH4CH5CH 
H2 
Alcohol, double bond Cyclic alcohol Ketone (acetone) Aldehyde 


(c) Saturated ketones absorb at 1715 стг! in the infrared. Only the last two compounds 
above show an infrared absorption in this region. 


(d) Because the aldehyde from part (b) has three different kinds of protons, its IH NMR 
spectrum shows three peaks. The ketone, however, shows only one peak. Since the 
unknown compound of this problem shows only one ІН NMR absorption (in the 
methyl ketone region), it must be acetone. 
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13.53 The unknown compound has no degrees of unsaturation and has two different kinds of 
hydrogens. The unknown compound is BrCH2CH2CH Br. 


13.54 Possible structures for C4H7CIO» (one degree of unsaturation) are CH3CH2CO2CH2Cl 
and CICH?CO;CH?CH;. Chemical shift data can distinguish between them. 


О 
|| || 
CH3CH5COCH;CI CICHSCOCH5CHs 
A B 


In A, the protons attached to the carbon bonded to both oxygen and chlorine (-OCH2Cl) 
are expected to absorb far downfield (5.0—6.0 $). Because no signal is present in this 
region of the IH NMR spectrum given, the unknown must be B. In addition, the quartet 
absorbing at 4.26 $ is typical of a CH? group next to an electronegative atom and coupled 
with a methyl group. 


13.55 
d 

(a) О ©) (м 

= c з 211 1 

/ E \ BrCHoCH5CCHs; 

Cl Clee! h | 4 
1 22.18 à (allylic) 1 = 1.30 8 (saturated) 1 = 2.11 8 (next to C=O) 1 = 2.15 8 
224.168(H,Cl 2 =7.30 $ (aromatic) 2 = 3.52 6 (next to 2 = 2.75 8 (benzylic) 
bonded to same C) C=O, Br) 3 = 3.38 ò (Н,Вг 
3 = 5.71 8 (vinylic) 3 = 4.40 6 (H,Br bonded to same C) 
bonded to same C) 4 = 7.22 6 (aromatic) 


The E isomer is 

also a satisfactory answer 

In (b) and (d), the aromatic ring hydrogens coincidentally have the same chemical shift. 
13.56 


CH30, 
rhe 
H,—C =C —C 
\ 
Hp 
Proton a Proton b Proton c 
3.08 6 4.52 ò 6.35 8 
Jj cUm 7 Hz 
= -— — >] Jac = 1 Hz 


Jab = 
Ja-c 
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13.57 Compound A (4 multiple bonds and/or rings) must be symmetrical because it exhibits only 
six peaks in its PC NMR spectrum. Saturated carbons account for two of these peaks (8 — 
15, 28 ppm), and unsaturated carbons account for the other four (ô = 119, 129, 131, 143 
ppm). 
IH NMR shows a triplet (3 H at 1.20 8), and a quartet (2 H at 2.58 8), indicating the 
presence of an ethyl group. The other signals (4 H at 7.07 5 , 7.39 ё are due to aromatic 


protons. 
Br — Sous A 
13.58 


(a) (b) (c) 
CH3CH5CHoCCHs 


Br 


13.59 The peak in the mass spectrum at m/z = 84 is probably the molecular ion of the unknown 
compound and corresponds to a formula of CgH)2 — one double bond or ring. The base 
peak, at m/z = 55, corresponds to the loss of an ethyl group. 

C NMR shows three different kinds of carbons and indicates a symmetrical 

hydrocarbon. The absorption at 132 à is due to a vinylic carbon atom. A reasonable 

structure for the unknown is 3-hexene. The data do not distinguish between cis and trans 
isomers. 


CH3CH»>CH=CHCH,CH3 3-Нехепе 


13.60 Compound A, a hydrocarbon having M* = 96, has the formula СУН», indicating two 
degrees of unsaturation. Because it reacts with BH3, Compound A contains a double 
bond. From the broadband decoupled ВС NMR spectrum, we can see that C7H |2 is 
symmetrical, since it shows only five peaks. 

The DEPT-135 spectrum of Compound A indicates three different СН» carbons, one 
=CH; carbon and one -С= carbon; the last two carbons are shown to be sp?-hybridized by 
their chemical shifts. In the DEPT-135 spectrum of Compound B, the absorptions due to 
double bond carbons have been replaced by a CH carbon and a СН» carbon bonded to an 
electronegative group. 


1 
1 
ы 1. BH3, THF 4 H 
———————- 
5 3 2. НО», OH 5 3 
4 4 

Compound A Compound B 

1 106.9 ò 1 68.2 à 

2 149.7 8 2 40.5 6 


3 35.7 8 3,4,5 29.9.6, 26.1 5, 26.9% 
4,5 26.8 6, 28.7 6 
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13.61 The IR absorption indicates that C is an alcohol. From M*, we can arrive at a molecular 
formula of CsH100, which indicates one degree of unsaturation. The broadband- 
decoupled spectrum shows five peaks; two are due to a double bond, and one is due to a 
carbon bonded to an electronegative atom (O). 

The DEPT spectra show that C contains 4 СН» carbons and one CH carbon, and that € 
has a monosubstituted double bond. HOCH?CH;CH?CH-CH, is a likely structure for C. 


13.62 Compound D is very similar to Compound C. The DEPT spectra make it possible to 
distinguish between the isomers. D has 2 CH carbons, опе CH3 carbon, and 2 СН» 
carbons, and, like C, has a monosubstituted double bond. The peak at 74.4 8 is due to a 
secondary alcohol. 

OH 


| 
CH3CH35CHCH =CHp5 Compound D 


13.63 Compound E, C7H1202, has two degrees of unsaturation and has two equivalent carbons 
because its broadband-decoupled spectrum shows only 6 peaks. Two carbons absorb in 
the vinylic region of the spectrum; because one is a CH carbon and the other is a CH» 
carbon, E contains a monosubstituted double bond. The peak at 165.8 ё (not seen in the 
DEPT spectra) is due to a carbonyl group. 


Carbon ó (ppm) 
1 
1 19.1 
о {з 2 28.0 
Нь5С=СНСОСН»СНСНЗ 3 70.5 
6 54 3 2 1 4 165.8 
5 129.8 
Compound E 6 129.0 
13.64 
СЕ DN 
1 HBr ^ B 
4 — 
1 4 Br 
3 2 3 2 
Compound F Compound G 
Carbon 8 (ppm) Carbon ӧ (ppm) 
1 132.4 1 56.0 
2 32.2 2 39.9 
3,4 29.3 3,4 27.7 


27.6 25.1 
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13.65 Make a model of one enantiomer of 3-methyl-2-butanol and orient it as a staggered 
Newman projection along the C2-C3 bond. The S enantiomer is pictured. 


Because of the chirality center at C2, the two methyl groups at the front of the projection 


are diastereotopic. Since, the methyl groups aren't equivalent, their carbons show slightly 
different signals in the C NMR. 


13.66 Commercial 2,4-pentanediol is a mixture of three stereoisomers: (R,R), (5,5), and (R,S). 
The meso isomer shows three signals in its C NMR spectrum. Its diastereomers, the 
R,R and S,S enantiomeric pair, also show three signals, but two of these signals occur at 
different 6 values from the meso isomer. This is expected, because diastereomers differ in 


physical and chemical properties. One resonance from the meso compound accidentally 
overlaps with one signal from the enantiomeric pair. 


13.67 The product (M*- 88) has the formula C4HgO». The IR absorption indicates that the 
product is an ester. The ЇН NMR shows an ethyl group and an -OCH; group. 


O 
ШОН Он 608 CH3CHsCOCH 
PUE H* catalyst Eus я 
13.68 The product is a methyl ketone. 
О 
its 1. CH3MgBr || 
СЕЗСНС М а CH3CHCCH3 
| 2. H30 | 
CH3 CH3 
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Review Unit 5: Spectroscopy 


Major Topics Covered (with vocabulary): 


Mass Spectrometry: 
cation radical mass spectrum base peak double-focusing mass spectrometer molecular ion 
alpha cleavage McLafferty rearrangement dehydration MALDI ESI TOF mass analyzer 


The Electromagnetic Spectrum: 
electromagnetic radiation wavelength frequency hertz amplitude quanta absorption spectrum 


Infrared Spectroscopy: 
wavenumber fingerprint region 


Nuclear Magnetic Resonance Spectroscopy: 

nuclear magnetic resonance rfenergy effective magnetic field shielding downfield upfield 
chemical shift delta scale FT-NMR DEPT !?C NMR homotopic enantiotopic diastereotopic 
integration multiplet spin-spin splitting coupling n+ 1 rule coupling constant tree diagram 


Types of Problems: 
After studying these chapters, you should be able to: 


— Write molecular formulas corresponding to a given molecular ion. 

— Use mass spectra to determine molecular weights and base peaks, to distinguish between 
hydrocarbons, and to identify selected functional groups by their fragmentation patterns. 

— Calculate the energy of electromagnetic radiation, and convert from wavelength to wavenumber 
and vice versa. 

— Identify functional groups by their infrared absorptions. 

— Use IR and MS to monitor reaction progress. 


— Calculate the relationship between delta value, chemical shift, and spectrometer operating 
frequency. 

— Identify nonequivalent carbons and hydrogens, and predict the number of signals appearing in 
the ІН NMR and !3C NMR spectra of compounds. 

— Assign resonances to specific carbons or hydrogens of a given structure. 

— Propose structures for compounds, given their NMR spectra. 

— Predict splitting patterns, using tree diagrams if necessary. 

— Use NMR to distinguish between isomers and to identify reaction products. 


Points to Remember: 


* In mass spectrometry, the molecular ion is a cation radical. Further fragmentations of the 
molecular ion can be of two types — those that produce a cation plus a radical, and those that 
produce a different cation radical plus a neutral atom. In all cases, the fragment bearing the 
charge — whether cation or cation radical — is the one that is detected. 


* Although mass spectrometry has many uses in research, we are interested in it for only a 
limited amount of data. The most important piece of information it provides for us is the 
molecular weight of an unknown. A mass spectrum can also show if an unknown is branched 
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or straight-chain (branched hydrocarbons have more complex spectra than their straight-chain 
isomers). Finally, if we know if certain groups are present, we can obtain structural 
information about an unknown compound. For example if we know that a ketone is present, 
we can look for peaks that correspond to alpha cleavage and/or McLafferty rearrangement 
fragments. 


* Тһе position of an IR absorption is related to both the strength of the bond and to the nature of 
the two atoms that form the bond. For example, a carbon-carbon triple bond absorbs a higher 
frequency than a carbon-carbon double bond, which absorbs at a higher frequency than a 
carbon-carbon single bond. Bonds between two atoms of significantly different mass absorb at 
higher frequencies than bonds between two atoms of similar mass. 


* Not all IR absorptions are due to bond stretches. Many of the absorptions in the fingerprint 
region of an IR spectrum are due to bending and out-of-plane motions. 


* [tis confusing, but true, that larger ò values in an NMR spectrum are associated with nuclei 
that are less shielded, and that these nuclei require a lower field strength for resonance. Nuclei 
with small values of 5 are more shielded and require a higher field strength for resonance. 


* Both ^C NMR and !H NMR are indispensable for establishing the structure of an organic 
compound. !3C NMR indicates if a molecule is symmetrical and shows the types of carbons in 
a molecule (by DEPT NMR). 'H NMR shows how the carbons are connected (by spin-spin 
splitting) and how many protons are in the molecule (by integration). Both types of spectra 
show (by chemical shift) the electronic environment of the magnetic nuclei. 


Self-Test: 


Compound A is a hydrocarbon with M+ = 78. What is its molecular formula? What is its 
degree of unsaturation? Draw three possible formulas for A. The 13C NMR spectrum of A shows 
3 peaks – at 18.5 5, 69.4 ё and 82.4 6, and ће ІН NMR spectrum shows two peaks. What is the 
structure of A? What significant absorptions would you see in the IR spectrum of A? 


Compound B has the molecular formula CgH 4, and shows 3 peaks in its ІН NMR 
spectrum — at 1.7 à (6H), 2.1 è (4H) and 4.7 è (4H). All 3 peaks are singlets. B also shows an IR 
absorption at 890 cm-!. What is a possible structure for B? If you're still not sure, the following 
peaks were observed in the 13C NMR spectrum of B: 22 5, 36 6, 110 5, 146 5. The peaks at 36 à 
and 110 6 were negative signals in the DEPT-135 spectrum, and the peak at 22 6 was a positive 
signal. 


Compound C is a hydrocarbon with Mt = 112. What are possible molecular formulas for C? 
The five peaks in the 'H NMR spectrum of C are all singlets and occur at the following à values: 
0.9 8 (9 H), 1.8 5 (3 H), 1.9 8 (2 H), 4.6 6 (1 H) and 4.8 à (1 H). An IR absorption at 890 ст! is 
also present What is the structure of C? 


II 
CH4CH5CCH4OH 
D 


Describe the !15C NMR and !H NMR spectra of D. For the ІН NMR spectrum, include the 
spin-spin splitting patterns, peak areas, and positions of the chemical shifts. Give two significant 
absorptions that you might see in the IR spectrum. Would you expect to see products of 
McLafferty rearrangement in the mass spectrum of D? Of alpha cleavage? 
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Review Unit 5 


Multiple choice: 


l. 


10. 


11. 
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Which of the following formulas could not arise from a compound with M* = 142 that 
contains C, H, and possibly O? 
(a) Сн (b) CioHgO (c) CoH;gO. (d) CgH1 402 


Which of the following mass spectrum fragments is a cation, rather than a cation radical? 
(a) molecular ion (b) product of alpha cleavage (c) product of McLafferty rearrangement 
(d) product of dehydration of an alcohol 


Which element contributes significantly to (М+1)+? 
(a)N (bH (oC (dO 


In which type of spectroscopy is the wavelength of absorption the longest? 
(a) NMR spectroscopy (b) infrared spectroscopy (c) ultraviolet spectroscopy 
(d) X-ray spectroscopy 


Which functional group is hard to detect in an IR spectrum? 
(a) aldehyde (b) -C=CH (c)alcohol (d) ether 


IR spectroscopy is especially useful for: 

(a) determining if an alkyne triple bond is at the end of a carbon chain or is in the middle 
(b) predicting the type of carbonyl group that is present in a compound 

(c) deciding if a double bond is monosubstituted or disubstituted 

(d) all of these situations 


If a nucleus is strongly shielded: 

(a) The effective field is smaller than the applied field, and the absorption is shifted 
downfield. (b) The effective field is larger than the applied field, and the absorption is 
shifted upfield. (c) The effective field is smaller than the applied field, and the absorption is 
shifted upfield. (d) The effective field is larger than the applied field, and the absorption is 
shifted downfield. 


When the operating frequency of an 'H NMR spectrometer is changed: 

(a) The value of chemical shift in à and of the coupling constant remain the same. (b) The 
values of chemical shift in Hz and of the coupling constant change. (c) The value of chemical 
shift in Hz remains the same, but the coupling constant changes. (d) The values of chemical 
shift in à and of the coupling constant change. 


13C NMR can provide all of the following data except: 

(a) the presence or absence of symmetry in a molecule (b) the connectivity of the carbons in 
a molecule (c) the chemical environment of a carbon (а) the number of hydrogens bonded 
to a carbon 


Which kind of carbon is detected in DEPT-90 13C NMR spectroscopy? 
(a) primary carbon (Б) secondary carbon (с) tertiary carbon (д) quaternary carbon 


The protons on carbon 3 of (R)-2-bromobutane are: 
(a) homotopic (b)enantiotopic (c) diastereotopic (d) unrelated 
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Chapter 14 – Conjugated Compounds and 


Ultraviolet Spectroscopy 


Chapter Outline 


I. Conjugated Dienes (Sections 14.1—14.6). 
A. Preparation and stability of conjugated dienes (Section 14.1). 
1. Base-induced elimination of allylic halides is the most common method. 
2. The C2-C3 bond length of 1,3-butadiene is 6 pm shorter than a C-C single bond. 
3. Stability of conjugated dienes. 
a. Heats of hydrogenation show that conjugated dienes are somewhat more stable 
than nonconjugated dienes. 
b. Because conjugated dienes are more stable and contain less energy, they release 
less heat on hydrogenation. 
4. Molecular orbital description of 1,3-butadiene. 
a. The stability of 1,3-butadiene may be due to the greater amount of s character of 
the C-C single bond between the double bonds. 
b. Molecular orbital theory offers another explanation. 

i. If wecombine 4 adjacent p orbitals, we generate a set of 4 molecular 
orbitals. 

ii. Bonding electrons go into the lower two MOs. 

iii. The lowest MO has a bonding interaction between C2 and C3 that gives that 
bond partial double-bond character. 

iv. The zelectrons of butadiene are delocalized over this entire x framework. 

B. Reactions of conjugated dienes (Sections 14.2-14.6). 
1. Electrophilic addition to conjugated dienes (Sections 14.2—14.3). 
a. Conjugated dienes react in electrophilic addition reactions to give products of 

both 1,2-addition and 1,4-addition (Section 14.2). 

i. Addition of an electrophile gives an allylic carbocation intermediate that is 
resonance-stabilized. 

ii. Addition of the nucleophile in the second step of the reaction can occur at 
either end of the allylic carbocation to yield two products. 

b. The ratio of products can vary if the reaction is carried out under conditions of 

kinetic control or of thermodynamic control (Section 14.3). 

i. Under conditions of kinetic control (lower temperature), the product whose 
formation has the lower energy of activation forms in greater amounts. 

ii. Under conditions of thermodynamic control (high temperature), the more 
stable product (the product whose formation has a larger negative value of 
AG?) forms in greater amounts. 

iii. In electrophilic addition reactions of conjugated dienes, the 1,2 (kinetic) 
adduct forms preferentially at low T, and the 1,4 (thermodynamic) adduct 
forms preferentially at high temperature. 

2. The Diels—Alder cycloaddition reaction (Sections 14.4—14.5). 
a. How the reaction occurs (Section 14.4). 

1. Adienecan react with certain alkenes to form a cyclic product. 

ii. This reaction, the Diels—Alder reaction, forms two new C-C bonds in a 
single step. 

iii. The reaction occurs by a pericyclic mechanism, which takes place in a single 
step by a cyclic redistribution of electrons. 

iv. In the reaction, c overlap occurs between the two alkene p orbitals and the 
two p orbitals on carbons 1 and 4 of the diene. 
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b. 


У. The two alkene carbons and C1 and C4 of the diene rehybridize from sp? to 
sp’, and C2 and C3 of the diene remain sp* hybridized. 

The dienophile (Section 14.5). 

i. The dienophile must have an electron-withdrawing group and may contain a 
triple bond. 

ii. The stereochemistry of the dienophile is maintained during the reaction. 

ш. Only endo product is formed because orbital overlap is greater in the 
transition state than for exo product. 
(a). A substituent in a bicyclic ring system is endo if it is syn to the larger of 

the other two bridges. 

The diene. 

i. А diene must adopt an s-cis ("cis-like") conformation in order to undergo 
the Diels—Alder reaction. 

п. Some dienes can rotate to achieve an s-cis conformation; those that are rigid 
can't react. 

iii. Dienes that have fixed s-cis geometry are very reactive. 


3. Diene polymers (Section 14.6). 


a. 


d. 


e. 


Like simple alkenes, conjugated dienes can polymerize. 

i. Because double bonds remain in the polymer, cis-trans isomerism is 
possible. 

ii. Polymerization can be initiated by either a radical or by acid. 

iii. Polymerization occurs by 1,4-addition. 

Natural rubber is a polymer of isoprene with Z double-bond stereochemistry, 

and gutta-percha is a polymer of isoprene with E double-bond stereochemistry. 

Synthetic rubber and neoprene (a polymer of chloroprene) are also diene 

polymers. 

Rubber needs to be hardened by vulcanization. 

i. Heating rubber with sulfur forms cross-links that lock the chains together. 

Rubber's ability to stretch and contract is due to the irregular shapes of the 

polymer chains. 


II. Ultraviolet spectroscopy (Sections 14.7-14.9). 
A. Principles of ultraviolet spectroscopy (Section 14.7). 

1. The ultraviolet region of interest is between the wavelengths 200 nm and 400 nm. 

2. The energy absorbed is used to promote a л electron in a conjugated system from a 
lower-energy orbital to a higher energy orbital. 

B. Ultraviolet spectrum of 1,3-butadiene. 

1. When 1,3-butadiene is irradiated with ultraviolet light, a л electron is promoted 
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied 
molecular orbital (LUMO). 

2. UV radiation of 217 nm is necessary to promote this transition. 

3. This transition is known as a x — л transition. 

C. The ultraviolet spectrum. 
1. A UV spectrum is a plot of absorbance (A) vs. wavelength in nanometers. 


a. 
b. 
e: 
d. 


The absorbance is A = log [7/1]. 
Io = intensity of incident light. 

І = intensity of transmitted light. 
The baseline is zero absorbance. 


2. Fora specific substance, A is related to the molar absorptivity (e). 


a. 


b. 
c. 


Molar absorptivity, characteristic of a specific compound, is the absorbance of a 
sample whose concentration is 1 mol/L with a path length of 1 cm. 
A=excxl. 

The range of ғ is 10,000 — 25,000 L/mol-cm. 


3. UV spectra usually consist of a single broad peak, whose maximum is max. 
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14.2 


14.3 
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D. Interpreting UV spectra (Section 14.8). 
1. The wavelength necessary for a x ^ л transition depends on the energy difference 
between HOMO and LUMO. 
2. By measuring this difference, it is possible to learn about the extent of conjugation 
in a molecule. 
3. As the extent of conjugation increases, Amax increases. 
4. Different types of conjugated systems have characteristic values of Алах. 
E. Conjugation, color, and the chemistry of vision (Section 14.9). 
1. Compounds with extensive systems of conjugated bonds absorb in the visible range 
of the electromagnetic spectrum (400 — 800 nm). 
2. When "white light" strikes a conjugated molecule, the wavelength needed for 
excitation is absorbed, and all other light is transmitted. 


Solutions to Problems 


We would expect AHhydrog = —126 + (7126) = -252 kJ/mol for allene if the heat of 
hydrogenation for each double bond were the same as that for an isolated double bond. 
The measured AHhydrog , —298 kJ/mol, is 46 kJ/mol more negative than the expected value. 
Thus, allene is higher in energy (less stable) than a nonconjugated diene, which in turn is 
less stable than a conjugated diene. 


CH3CH = CHCH — СН» 1,3-Pentadiene 
Product Name Results from: 
i 

CH3CH = СНСНСНз 4-Chloro-2-pentene 1,2 addition 

Cl 1,4 addition 

| 
CH3CHsCHCH = СН» 3-Chloro-1-pentene 1,2 addition 
CH3CH5CH = CHCH5CI 1-Chloro-2-pentene 1,4 addition 

ӧ+ ôt + + ô+ 6+ 


CH4CH4CH = CH=CH; «1 CH3CH—CH —CHCHg 
D  protonation N / protonation A 


on carbon 4 on carbon | 
| CH3CH — CHCH — CH; : 
protonation protonation 
т оп сагбоп 3 on carbon 2 
H* H* М 
CH4CHCH5CH = CH; CH4CH = CHCH5CH; 
C B 


A and D, which are resonance-stabilized, are formed in preference to B and C, which are 
not. The positive charge of allylic carbocation A is delocalized over two secondary 
carbons, while the positive charge of carbocation D is delocalized over one secondary and 
one primary carbon. We therefore predict that carbocation A is the major intermediate 
formed, and that 4-chloro-2-pentene predominates. Note that this product results from both 
1,2 and 1,4 addition. 
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14.4 
CH3 3 26s CH3 


| 1,2 |" 


Вг 


14.5 
Вг 
| T + 5 
CH3CHCH —CHo Ll CH3CHCH = CH» <> CH3CH = CHCH» == CH3CH — CHCHeBr 
3-Bromo-I-butene +Br Ы 1-Bromo-2-butene 
(1,2 adduct) (1,4 adduct) 


Allylic halides can undergo slow dissociation to form stabilized carbocations (Sy 1 
reaction). Both 3-bromo-1-butene and 1-bromo-2-butene form the same allylic 
carbocation, pictured above, on dissociation. Addition of bromide ion to the allylic 
carbocation then occurs to form a mixture of bromobutenes. Since the reaction is run under 
equilibrium conditions, the thermodynamically more stable 1-bromo-2-butene 
predominates. 


14.6 


X 
| 


i пон =CH» monosubstituted double bond 
X 


H5C —CHCH —CHo + Xo 


X 
| 
VEN HoCCH =CHCH, disubstituted double bond 


| 
X 


1,4 adducts are more stable than 1,2 adducts because disubstituted double bonds are more 
stable than monosubstituted double bonds (see Chapter 7). 


14.7 Draw the reactants in an orientation that shows where the new bonds will form. Form the 
new bonds by connecting the two reactants, removing two double bonds, and relocating 
the remaining double bond so that it lies between carbon 2 and carbon 3 of the diene. The 
substituents on the dienophile retain their trans relationship in the product. The product is a 


racemic mixture. 
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OCHs OCHs t Bm 
ME „---О=С „Н 
Oe See е 7 хоснз 
„ I — [ —- 
H^ ~CHg HCH H 
CH3 


14.8 Good dienophiles have an electron-withdrawing group conjugated with a double bond. 


Good dienophiles: (a) (d) 


T 
H5C —CHCOI 


O 


Poor dienophiles: (b) б (с) © о 


|| 
НС = CHCH5CH5COCH;4 


Compound (a) and (d) are good dienophiles because they have electron-withdrawing 
groups conjugated with a carbon-carbon double bond. Alkene (c) is a poor dienophile 
because it has no electron-withdrawing functional group. Compounds (b) and (e) are poor 
dienophiles because their electron-withdrawing groups are not conjugated with the double 
bond. 


14.9 (a) This diene has an s-cis conformation and should undergo Diels—Alder cycloaddition. 


(b) This diene has an s-trans conformation. Because the double bonds are in a fused ring 
system, it is not possible for them to rotate to an s-cis conformation. 


(c) Rotation can occur about the single bond of this s-trans diene. The resulting s-cis 
conformation, however, has an unfavorable steric interaction of a methyl group with a 
hydrogen at carbon 1. Rotation to the s-cis conformation is possible but not favored. 


H. H 
ү Ж Wy 
NS Ga ge 
нс“ Soff SCH, нс“ Ed ^H 
H H 


$-trans S-C1S 
(more stable) (less stable) 
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14.10 Rotation of the diene to the s-cis conformation must occur in order for reaction to take 


place. 
==: О = 
a | LL s 
~-~. Е H 
^^ ~OCH3 z `o’ 3 
2226 OCH " О 
— ---[^ Wen 3|— "c^ "CH, 
|| H I 
О О 
s-trans © s-s р 


14.11 The initiator may be either a radical or a cation. Diene polymerization is а 1,4 addition 
process that forms a polymer whose monomer units have a 4 carbon chain that contains a 
double bond every 4 bonds. 


14.12 
H* + + 
“з. ur LOMA æ> SN 
catalyst 
+ + 
Pa VINS —— E 
14.13 
200 nm = 200x 10?m = 2x 10-7 m 
400 nm = 400x 109 m = 4х 1077 m 
fori 2 2x 1077 m: 
-4 -4 
Е = 1.20x10"kJ/mod _ 1.20x 10™ kJ/mol _ 6.0 x 102 kI/mol 
A (in m) 2:0 x 1077 
fora = 4x 1077 m: 
-4 -4 
E- 1.20 x 107 kJ/mol _ 1.20х 107 КЈ/то! — 3.0 x 102 kJ/mol 
№ (in m) 4.0 x 1077 


The energy of electromagnetic radiation in the region of the spectrum from 200 nm to 400 
nm is 300—600 kJ/mol. 


IR 
4.8—48 


UV 
300—600 


1H NMR (at 200 MHz) 


Energy (in kJ/mol) 8.0 x 10-5 


The energy required for UV transitions is greater than the energy required for IR or ін 
ММК transitions. 
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14.14 

Е = EC NN Where € = molar absorptivity (in L/mol-cm) 
cxl 
f A = absorbance 

In this problem: | 

e = 50,100 = 5.01 x 104L/mol ст N= sample pathlength (unem) 

1 = 1.00 cm c = concentration (in mol/L) 

A = 0.735 

с = -А 0.735 = 147 x 105 M 


exl 5.01 x 104 L/mol-cm x 1.00 cm 


14.15 All compounds having alternating single and multiple bonds should show ultraviolet 
absorption in the range 200—400 nm. Only compound (a) is not UV-active. All of the 
compounds pictured below show UV absorptions. 


(e 
i CH3 
COH 
HC —CHC ÆN N 
OCCH, О ‘ 
[ E 
О 


Visualizing Chemistry 


14.16 


+ 

ч 
=i 
N 


O 
ol "Neg 
Ý 
wo 
Е 
О 
ST 


N 
CH3 
CI plus E isomer 
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и — 


$-trans 


14.17 


14.18 In order to undergo Diels—Alder reaction, this s-trans diene would have to rotate to an s-cis 
arrangement. In an s-cis conformation, however, the two circled methyl groups experience 
steric strain by being too close to each other, preventing the molecule from adopting this 
conformation. Thus, Diels-Alder reaction doesn't occur. 


s-trans 5-С15 
14.19 
Mb p qm WE i 
C C CH3 or C C or C C 
Hio s du ' a e Hog с^ “снсн нс“ 707 “сньснз 
н H H H 
3-Methyl-2,4-hexadiene 4-Methyl-1,3-hexadiene 2-Ethyl-1,3-pentadiene 
H* 
"Mb j^ ge 
— > C 
НАСЕ ЗС `CHCH3 H3C~ 76^ «7 CHpCHg 
H | H 
(вг Вг | 
H Br СНз Н HaC Br 
\_/ | / 
mom GTIN PAON Ра 
ВЕС Oe, CHCH нс” “с^ "OH; CHs 
H H 
2-Bromo-4-methyl-3-hexene 4-Bromo-4-methyl-2-hexene 
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Additional Problems 


Conjugated Dienes 


14.20 AII of these compounds can exhibit E/Z isomerism. 


b 
(a) CH3 (b) 
3-Methyl-2,4-hexadiene 


(c) (d) 
CH4CH = C = CHCH = CHCH 
2,3,5-Heptatriene 


14.21 Excluding double-bond isomers: 


14.22 
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Conjugated dienes: СНз 

CH3CH — CHCH = Сн, 
1,3-Pentadiene 

Cumulated dienes: 


| 
HoC— CHC = CHo 
2-Methyl-1,3-butadiene 


CH3CH3CH =C — СН» 
1,2-Pentadiene 
Nonconjugated diene: 
HC —CHCH4CH =CH, 
1,4-Pentadiene 


CH3CH =C= CHCH3 
2,3-Pentadiene 


(a) 
Br 
1 mol Bro 
——————————cÀne- 


Br 
(b) 


(c) 


1 mol HCI 


ж» 


Ether 
Cl 


H5C —CHCH —CHCH —CHCHs 
1,3,5-Heptatriene 


ÇHaCH2CH3 
3-Propyl-1,3-pentadiene 


НС =с= C(CH3)o 
3-Methyl-1,2-butadiene 


Br 


Br 
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(d) D D 
1 mol DCI 
__—э>э + 
Ether X IT 
Cl Cl 


(e) 
II H 
H C 
+ SA ^" CH3 » 
|| пе СНз 
CH3 О 
HO нон H 
HO H H OH H OH 
ee + + 
2. NaHSO3 
à a Нон oH ОН 
H H 
meso HO H 
HO H 
enantiomers 
14.23 
CH CH3 [ CH3 7 
Bele ese || BR | BE. [Opa eg Or 
å addition addition В 
tertiary/primary to carbon 1 to carbon 4 . secondary/primary 
allylic carbocation allylic carbocation 


Tertiary/primary allylic carbocation A is more stable than secondary/primary allylic 
carbocation B. Since the products formed from the more stable intermediate predominate, 
3,4-dibromo-3-methyl- 1-butene is the major product of 1,2 addition of bromine to 
isoprene. In both cases, the product with the more substituted double bond (1,4 addition 
product) predominates. 


14.24 Any unsubstituted cyclic 1,3-diene cyclic diene gives the same product from 1,2- and 1,4 
addition. For example: 
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14.25 


Protonation of carbon 1: 


ôt òt | 


; CHCH =CH= CH9 


A allylic 


4 Protonation of carbon 2: 


+ 
| .CHCH2CH =CHp 
B 


Protonation of carbon 3: 


+ 
' , CH — CHCH5CH5 
C 


Protonation of carbon 4: 


ôt ôt 
{ CH=CH =CHCH3 
- D allylic Я 


1 2 3 4 
CH=CHCH=CHp 


]-Phenyl-1,3-butadiene 


eius СН, 
^Y Chloro-4-phenyl- 

y 1-butene 
CHCH — CHCH;CI 
Ne Cy Chloro-4-phenyl- 


2-butene 


© 
CHCH4CH = CH; 


4-Chloro-4-phenyl- 
1-butene 


СГ 


4-Chloro-1-phenyl- 
1-butene 


СГ 


qi 


CH — CHCHCHs4 
| 3-Chloro-1-phenyl- 
T butene 


N QHou- CHCH3 
Ot ]-phenyl- 


2-butene 
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E/Z 
isomers 


E/Z 
isomers 


E/Z 
isomers 


E/Z 
isomers 


Carbocation D is most stable because it can use the л systems of both the benzene ring and 
the side chain to delocalize positive charge. 3-Chloro-1-phenyl-1-butene is the major 
product because it results from cation D and because its double bond can be conjugated 
with the benzene ring to provide extra stability. 
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Diels-Alder Reaction 
14.26 


(a) Б 


H 
О — с=О 
ii 
O C 
| 
О 


If two equivalents of cyclohexadiene are present for each equivalent of dienophile, you сап 
also obtain a second product: 


(b) 


E i 


| 
dr 


14.27 This conformation of 2,3-di-tert-butyl-1,3-butadiene, in which the tert-butyl groups have а 
cis relationship, suffers from steric strain due to the bulky substituents. Instead, the 
molecule adopts the s-trans conformation, which relieves the strain but does not allow 
Diels—Alder reaction to take place. 


14.28 The diene rotates to the s-cis conformation. The trans relationship of the two ester groups 
in the dienophile is preserved in the product. 


O 
[ H 
COCH 
3 - -CO5CHs 
+ | > е 
MANT „М COCH3 
O 
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14.29 
H H 
N N 
H3C pre H ЫН 
C=C C=C 
/ \ / \ 
H H НЗС H 
cis-1,3-Pentadiene trans-1,3-Pentadiene 


Both pentadienes are more stable in s-trans conformations. To undergo Diels-Alder 
reactions, however, they must rotate about the single bond between the double bonds to 
assume S-cis conformations. 


H H LE 
A eee. C=C 
P = ү: / \ 
H—C H Hee UM 
N C—H 
P — CH3 / 
H HC 
cis-1,3-Pentadiene trans-1,3-Pentadiene 


When cis-1,3-pentadiene rotates to the s-cis conformation, steric interaction occurs 
between the methyl-group protons and a hydrogen on C1. Since it's more difficult for cis- 
1,3-pentadiene to assume the s-cis conformation, it is less reactive in the Diels-Alder 
reaction. 


14.30 HC=CC=CH can't be used as a Diels-Alder diene because it is linear. The end carbons are 
too far apart to be able to react with a dienophile in a cyclic transition state. Furthermore, 
the product of Diels-Alder addition would be impossibly strained, with two sp-hybridized 
carbons in a six-membered ring. 


14.31 
Q О 
| П 
Z LOU C. 
c OCH2CHg OCH5CHs 
+ || ———— 
S р 
2 PAS JH 
+ II 
NS ZU ш: 7 OCH2CHa 
II II 
O О 


Two different orientations of the dienophile ester group are possible, and two different 
products can form. 
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14.32 The most reactive dienophiles contain electron-withdrawing groups. 


Most reactive ————————————> Least reactive 


(NC)2C = C(CN)2 > НС —CHCHO > H5C =CHCH3 > (CH3)oC = C(CH3)o 

Four electron- One electron- One electron- Four electron- 

withdrawing groups withdrawing group donating group donating groups 
The methyl groups of 2,3-dimethyl-2-butene also decrease reactivity for steric reasons. 


14.33 The difference in reactivity of the three cyclic dienes is due to steric factors. As the non- 
diene part of the molecule becomes larger, the carbon atoms at the end of the diene portion 
of the ring are forced farther apart. Overlap with the x system of the dienophile in the cyclic 
transition state is poorer, and reaction is slower. 


14.34 Although an electron-withdrawing group increases the reactivity of a dienophile, it 
decreases the reactivity of a diene. 


14.35 First, find the cyclohexene ring formed by the Diels—Alder reaction. After you locate the 
new bonds, you should then be able to identify the diene and the dienophile. 


a 
(a) H O О 
a 
О -—— — + О 
ENS 
NV о О 
bonds formed diene dienophile 
(b) 
df CN 
di -—o.f 
/ diene dienophile 
c 
(c) б 
2 `N 
= + + 
WN ZA 
О 
diene dienophile diene 
(d) 
COCH 
! „СОСНА pies 
4 С 
—— — — * ul 
x | 
Н 


diene dienophile 
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Diene Polymers 


14.36 A vinyl branch in a diene polymer is the result of an occasional 1,2 double bond addition to 
the polymer chain, rather than the usual 1,4 addition. Branching can also occur in cationic 
polymerization for the same reason. 


Ё м ES = еїс. 
-$ CHCH =CHCH, CH=CH —> -$-CH;CH=CHCH;CHÇH —> 
CH =CH3 CH =CH3 


14.37 


ch, cn 3- ch, сњ $- 


Ozone causes oxidative cleavage of the double bonds in rubber and breaks the polymer 
chain. 


a бу © терелш many times 


Polycyclopentadiene 


14.38 


Polycyclopentadiene is the product of successive Diels—Alder additions of cyclopentadiene 
to a growing polymer chain. Strong heat causes depolymerization of the chain and 
reformation of cyclopentadiene monomer units. 


UV Spectroscopy 


14.39 Only compounds having alternating multiple bonds show л — x* ultraviolet absorptions in 
the 200—400 nm range. Of the compounds shown, only pyridine (b) absorbs in this range. 


14.40 To absorb in the 200—400 nm range, an alkene must be conjugated. Since the double 
bonds of allene aren't conjugated, allene doesn't absorb light in the UV region. 
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14.41 The value of Amax in the ultraviolet spectrum of dienes becomes larger with increasing alkyl 


substitution. Since energy is inversely related to Amax, the energy needed to produce 
ultraviolet absorption decreases with increasing substitution. 


# of -CH; | 
Diene STOups Amax(nm) Amax — Атах (butadiene) 
i 
Ps Sog 0 217 0 
H CH 
Оз Sog І 220 3 
H 
NAE: 
C 1 223 6 
H3C~ ne Хон, 
H 
rs 
H5C ~ o^ Son, 2 226 9 
CH3 
i, 
C C CH 2 227 10 
RC I с^ `c PA 3 
H 
CH3 CH 
C C 3 232 15 
HaC E Sch, 
H 
P 
C C CH 4 240 23 
нс“ Sov 797 3 
H CH3 


Each alkyl substituent causes an increase in Amax of 3-6 nm. 
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14.42 
HY т та 
н н н © 
1,3,5-Hexatriene 2,3-Dimethyl-1,3,5-hexatriene 
Amax = 258 nm Мах = 268 nm 


In Problem 14.41, we concluded that one alkyl group increases Amax of a conjugated diene 
by approximately 5 nm. Since 2,3-dimethyl-1,3,5-hexatriene has two methyl substituents, 
its UV Алах should be about 10 nm longer than the Аах of 1,3,5-hexatriene. 


14.43 (a) B-Ocimene, СН, has three degrees of unsaturation. Catalytic hydrogenation yields 
a hydrocarbon of formula СН. 8-Ocimene thus contains three double bonds and no 
rings. 

(b) The ultraviolet absorption at 232 nm indicates that B-ocimene is conjugated. 
(c) The carbon skeleton, as determined from hydrogenation, is: 


CH3 CH3 
CH3CH5CHCH5CH5CH5CHCHs 
2,6-Dimethyloctane 


Ozonolysis data are used to determine the location of the double bonds. The acetone 
fragment, which comes from carbon atoms 1 and 2 of 2,6-dimethyloctane, fixes the 
position of one double bond. Formaldehyde results from ozonolysis of a double bond at 
the other end of D-ocimene. Placement of the other fragments to conform to the carbon 
skeleton yields the following structural formula for B-ocimene. 


CH3 CH3 
H5C = CHC =CHCH/CH= CCH; 
p-Ocimene 
(d) 
p [s jii is 
H 
HoC=CHC=CHCH,CH=CCH, —2—» CH3CHsCHCH»CH»CH»CHCH3 
p-Ocimene Pd 2,6-Dimethyloctane 
1:005 
2. Zn, H30* Сна CHg 


HoC—O + O=CHC=O + O=CHCH>CH=O + O=CCH3 
Formaldehyde Pyruvaldehyde Malonaldehyde Acetone 
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General Problems 


14.44 
CH3CH2C  CCH5CH3 
3-Hexyne 
1H 2 peaks 
NMR: (triplet, quartet) 
below 2.0 8 


13C 3 peaks, 


NMR: 8-55 8 (2) 
65-85 8 (1) 
UV 
absorp- no 
tion? 


CH3CH = CHCH = CHCH 
2,4-Hexadiene 


3 peaks, 
two in region 
4.5-6.5 à 


3 peaks, 
8—30 6 (1) 
100-150 6 (2) 


yes 


CH3CH5CH =C= CHCH3 
2,3-Hexadiene 


5 peaks, 
two in region 
4.5—6.5 ò 


6 peaks, 

8—55 6 (3) 

100—150 6 (2) 

~200 ô (1)(sp carbon) 


no 


2,4-Hexadiene can easily be distinguished from the other two isomers because it is the 
only i isomer that absorbs i in the UV region. The other two isomers show significant 
differences in their ЇН and ^C NMR spectra and can be identified by either technique. 


14.45 


Conjugation with 
the oxygen lone 
pair electrons 
makes the double 
bond more 
nucleophilic. 


Reaction with НСІ 
yields a cation 
intermediate that 

can be stabilized by 
the oxygen electrons. 


C 
——— 
OCH; 


Addition of 


СГ leads to 
the observed 
product. 


There are two reasons why the other regioisomer is not formed: (1) Carbon 1 is less 
nucleophilic than carbon 2; (2) The cation intermediate that would result from protonation 
at carbon 1 can't be stabilized by the oxygen electrons and does not form. 
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14.46 
Cl Cl 
Cl P M 
Cl Cl H 
+ 
a =a v 
Cl 
Aldrin 
14.47 
Cl 
N Pd H 
С Nat “OEt 
+ || ——> 
Hoos 
Diels—Alder reaction E2 elimination 


14.48 Diels—Alder reactions are reversible when the products are much more stable (of lower 
energy) than the reactants. In this case, the reactant is a nonconjugated diene, and the 
products are benzene (a stable, conjugated molecule) and ethylene. 


zi 
/ e of = "ET 


- - H H 


14.49 A Diels-Alder reaction between a-pyrone (diene) and the alkyne dienophile yields the 
following product. 


m `o C heat О=с 
+ III т CO2CH3 


C 
= О | f 
CO2CH3 


The double bonds in this product are not conjugated, and a more stable product can be 
formed Бу loss of CO». 


| CO5CHg3 CO2CH3 
/ | / = + 5603 
COsCH3 | CO5CH3 


This process can occur in a manner similar to the reverse Diels—Alder reaction of the 
previous problem. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


338 Chapter 14 


14.50 The first equivalent of maleic anhydride adds to the s-cis bond of the triene. 


О 
BEN 
ear [> — 
С ссе 
О p~o 
О 


The new double bond has an s-cis relationship to the remaining double bond of the triene 
starting material. A second equivalent of maleic anhydride adds to the diene to form the 
product shown. 


О 
/ 
+ | О —— 
О О 
О 
О О 
О d d 


O 


14.51 Much of what was proven for 8-ocimene (Problem 14.43) is also true for myrcene, since 
both hydrocarbons have the same carbon skeleton and contain conjugated double bonds. 
The difference between the two isomers is in the placement of the double bonds. 

The ozonolysis fragments from myrcene are 2-oxopentanedial (five carbon atoms), 
acetone (three carbon atoms), and two equivalents of formaldehyde (one carbon atom 
each). Putting these fragments together in a manner consistent with the data gives the 
following structural formula for myrcene: 


[i MET Iiis Ше 
HoC— CHCCH2CH2CH — CCH3 Е 79 CH3CH2CHCH3CH2CH5CHCHs3 
Myrcene 
1. Оз 
| 2. Zn, H30* О CH3 


HəC=0 + H3C—O + O=CHCCHCHCH=0O + O=CCH3 
Formaldehyde Formaldehyde 2-Oxopentanedial Acetone 
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14.52 (a) Hydrocarbon A must have two double bonds and two rings, since the sole ozonolysis 
product contains all the carbons and a diketone-dialdehyde is formed. 


(b) Rotation about the central single bond of II allows the double bond to assume the s-cis 
conformation necessary for a Diels—Alder reaction. Rotation is not possible for I. 


(c) 


1. O3 
2. Zn, НО? 


Pd/C 
14.53 
Bro 2 NaCN 
HC =CHCH =CH, ——S* BrCH5CH— CHCH9Br. ——> МССНСН = СНСНСМ 
1,4-Addition Sn2 Substitution | Но, Pd 
NCCH5CH5CH5CH5CN 
Adiponitrile 
14.54 
-2 
c= A 0.065 = 6.5 x 10 = 55x10°M 


"exl Tl 900 Ш/тоГст x 1.00 cm 1.19 x 104 L/mol 
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14.55 
Hs ogee 
2 “н C 
+ Il ——À 
uu. ^H 7 
C 
CH3 о2 “осн, 
14.56 
Нз с 
+ Hl — 
xax CH : 
C 
H о2 ~OCH, 


The stereochemistry of the product resulting from Diels—Alder reaction of the (2E,4Z) 
diene differs at the starred carbon from that of the (2E,AE) diene. Not only is the 
stereochemistry of the dienophile maintained during the Diels—Alder reaction, the 
stereochemistry of the diene is also maintained. 


14.57 Although it is usually best to work backwards in a synthesis problem, it sometimes helps 
to work both forwards and backwards. In this problem, we know that the starting 
materials are a diene and a dienophile. This suggests that the synthesis involves a 
Diels-Alder reaction. The product is a dialdehyde in which the two aldehyde groups have a 
cis relationship, indicating that they are the products of ozonolysis of a double bond that is 
part of a ring. These two pieces of information allow us to propose the following 
synthesis: 


CO2CH3 
| H 
CH 1.0 
+ || SS Saint ee, 


The -CHO groups are cis to the ester in the product. 
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14.58 The lone pair electrons from nitrogen can overlap with the double bond z electrons in a 
manner similar to the overlap of the л electrons of two conjugated double bonds. This 
electron contribution from nitrogen makes an enamine double bond electron-rich. 


The orbital picture of an enamine shows a 4 p-electron system that resembles the system of 
a conjugated diene. 


14.59 Double bonds can be conjugated not only with other multiple bonds but also with the lone- 
pair electrons of atoms such as oxygen and nitrogen. p-Toluidine has the same number of 
double bonds as benzene, yet its Amax is 31 nm greater. The electron pair of the nitrogen 
atom can conjugate with the x electrons of the three double bonds of the ring, extending the 
л System and increasing Amax. 
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Chapter 15 — Benzene and Aromaticity 


Chapter Outline 


I. Introduction to aromatic compounds (Sections 15.1—15.2). 
A. Sources of aromatic hydrocarbons (Section 15.1). 


Le 
2. 


Some aromatic hydrocarbons are obtained from distillation of coal tar. 
Other aromatic hydrocarbons are formed when petroleum is passed over a catalyst 
during refining. 


B. Naming aromatic compounds. 


1. 
2x 


X; 


Many aromatic compounds have nonsystematic names. 
Monosubstituted benzenes are named in the same way as other hydrocarbons, with 
-benzene as the parent name. 
a. Alkyl-substituted benzenes are named in two ways: 
1. If the alkyl substituent has six or fewer carbons, the hydrocarbon is named 
as an alkyl-substituted benzene. 
ii. Ifthe alkyl substituent has more than six carbons, the compound is named 
as a phenyl-substituted alkane. 
b. The С6Н5СН2-— group 15 a benzyl group, and the C6H5- group is a phenyl 
group. 
Disubstituted benzenes are named by the ortho(o), meta(m), para(p) system. 
a. A benzene ring with two substituents in a 1,2 relationship is o-disubstituted. 
b. A benzene ring with two substituents in a 1,3 relationship is m-disubstituted. 
c. А benzene ring with two substituents in a 1,4 relationship is p-disubstituted. 
d. The o, m, p-system of nomenclature is also used in describing reactions. 
Benzenes with more than two substituents are named by numbering the position of 
each substituent. 
a. Number so that the lowest possible combination of numbers is used. 
b. Substituents are listed alphabetically. 
Any of the nonsystematic names in Table 15.1 can be used as a parent name. 


C. Structure and stability of benzene (Section 15.2). 


1. 


2. 


3. 


Stability of benzene. 

a. Benzene doesn't undergo typical alkene reactions. 

b. Benzene reacts slowly with Br» to give substitution, not addition, products. 

C. AH?°hydrog Of benzene is 150 kJ/mol less than that predicted for 3 x AH°hydrog of 
cyclohexene, indicating that benzene has extra stability. 

Structure of benzene. 

a. All carbon-carbon bonds of benzene have the same length. 

b. The electron density in all bonds is identical. 

c. Benzene is planar, with all bond angles 120°. 

d. Allcarbons are sp^-hybridized and identical, and each carbon has one electron 

in a p orbital perpendicular to the plane of the ring. 

Resonance theory explains that benzene is a resonance hybrid of two forms. 

Benzene is represented in this book as one line-bond structure, rather than as a 

hexagon with a circle to represent the double bonds. 

Molecular orbital picture of benzene. 

a. Itis impossible to define 3 localized z bonds; the electrons are delocalized over 
the ring. 

b. Six molecular orbitals (MOs) can be constructed for benzene. 
i. The3 lower-energy MOs are bonding MOs. 
ii. The 3 higher energy MOs are antibonding. 


rh о 
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ш. One pair of bonding orbitals is degenerate, as is one pair of antibonding 
orbitals. 

iv. The 6 bonding electrons of benzene occupy the 3 bonding orbitals and are 
delocalized over the ring. 


II. Aromaticity (Sections 15.3—15.6). 
A. The Hückel 4л + 2 rule (Section 15.3). 


1. 
2: 


3. 
4. 


For a compound to be aromatic, it must possess the qualities we have already 
mentioned and, in addition, must fulfill Hückel's Rule. 
Hückel's Rule: A molecule is aromatic only if it has a planar, monocyclic system of 
conjugation with a total of 4n + 2 x electrons (where n is an integer). 
Molecules with (4, 8, 12 ...) x electrons are antiaromatic. 
Examples: 
a. Cyclobutadiene (n = 4) is antiaromatic. 
b. Benzene (n = 6) is aromatic. 
c. Planar cyclooctatetraene (n = 8) is antiaromatic. 
i. Cyclooctatetraene is stable, but its chemical behavior is like an alkene, rather 
than an aromatic compound. 
ii. Cyclooctatetraene is tub-shaped, and its bonds have two different lengths. 
Why 4n + 2? 
a. Foraromatic compounds, there is a single lowest-energy MO that can accept 
two z electrons. 
b. The next highest levels occur in degenerate pairs that can accept 4 л electrons. 
c. For all aromatic compounds and ions, a stable species occurs only when (4n + 
2) л electrons are available to completely fill the bonding MOs. 


B. Aromatic ions (Section 15.4). 


T. 
2. 


Any cyclic conjugated molecule with 4n +2 electrons can be aromatic, even if it is 

an ion. 

The cyclopentadienyl anion. 

a. Although cyclopentadiene isn't aromatic, removal of Н? produces a ѕіх-л- 
electron cyclic anion that is aromatic. 

b. Cyclopentadiene has a pK, = 16, indicating that a stable anion is formed on 
removal of H*. 

c. Both the cyclopentadienyl cation (4 л electrons) and the cyclopentadienyl radical 
(5 zx electrons) are unstable. 

The cycloheptatrienyl cation. 

a. RemovalofH from cycloheptatriene produces the cycloheptatrienyl cation, 
which has 6 z electrons and is stable. 

b. The cycloheptatrienyl radical and anion are unstable. 


C. Aromatic heterocycles (Section 15.5). 


Т; 
2. 


A heterocycle (a cyclic compound containing one or more elements in addition to 

carbon in the ring) can also be aromatic. 

Pyridine. 

a. The nitrogen atom of pyridine contributes one л electron to the л system of the 
ring, making pyridine aromatic. 

b. The nitrogen lone pair is not involved with the ring л system. 

Pyrrole. 

a. The nitrogen of pyrrole contributes both lone-pair electrons to the ring x system, 
making pyrrole aromatic. 

b. The nitrogen atom makes a different contribution to the x ring system in pyrrole 
and in pyridine. 

Pyrimidine and imidazole rings are important in biological chemistry. 
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D. Polycyclic aromatic compounds (Section 15.6). 
1. Although Hückel's Rule strictly applies only to monocyclic compounds, some 
polycyclic compounds show aromatic behavior. 
2. Naphthalene has a Hückel number of л electrons and shows chemical and physical 
properties common to aromatic compounds. 
3. There are many heterocyclic analogs of naphthalene. 
i. Tryptophan, adenine, and guanine are biologically important polycyclic 
aromatic compounds. 
III. Spectroscopy of aromatic compounds (Section 15.7). 
A. IR spectroscopy. 
1. A С-Н stretch occurs at 3030 cm! 
2. As many as 4 absorptions occur in the region 1450-1600 cm! 
3. Weak absorptions are visible in the range 1660-2000 cm! 
4. Strong absorptions in the region 690—900 ст l due to C-H out-of-plane bending, 
can be used to determine the substitution pattern of an aromatic ring. 
B. UV spectroscopy. 
1. The conjugated z system of an aromatic ring gives rise to an intense absorption at 
205 nm and weaker absorptions in the range 255-275 nm. 
C. NMR spectroscopy. 
1. ІН NMR. 
a. Hydrogens directly bonded to an aromatic ring absorb in the region 6.5-8.0 à. 

1. Spin-spin coupling can give information about the substitution pattern. 

ii. Aromatic protons are deshielded because the applied magnetic field sets up a 
ring-current, which produces a small magnetic field that reinforces the 
applied field outside of the ring and deshields the aromatic protons. 

iii. If protons reside on the inside of an aromatic ring system, they are strongly 
shielded and absorb far upfield. 

iv. The presence of a ring-current, evidenced by chemical shift, is a test of 
aromaticity. 

b; Benzylic protons absorb at 2.3-3.0 à. 
2. PC NMR. 
a. Aromatic carbons absorb in the range 110—140 ò; 
b. Since alkene carbons also absorb in this region, ЗС NMR is not uniquely 
useful in identifying an aromatic ring. 


Solutions to Problems 


15.1 An ortho disubstituted benzene has two substituents in a 1,2 relationship. A meta 
disubstituted benzene has two substituents in a 1,3 relationship. A para disubstituted 
benzene has two substituents in a 1,4 relationship. 


Oa CH; M NO% i SO3H 


Br OH 
meta disubstituted para disubstituted ortho disubstituted 
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15.2 Remember to give the lowest possible numbers to substituents on trisubstituted rings. 


a b c 
(a) (b) ga, © 
hos CHoCHoCHCH3 МН» 
Вг 
m-Bromochlorobenzene (3-Methylbutyl)benzene p-Bromoaniline 
(d) (e) (f) Hs 
Cl CH3 CH2CH3 CH3 
OoN NO» НЗС CH3 
2,5-Dichlorotoluene ] -Ethyl-2,4-dinitrobenzene 1,2,3,5- Tetramethylbenzene 
15.3 
(a) " CI (b) CH3 © c мн, 
Вг Вг 
p-Bromochlorobenzene p-Bromotoluene m-Chloroaniline 
d 
CH3 
1-Chloro-3,5-dimethylbenzene 
15.4 


Pyridine 


The electronic descriptions of pyridine and benzene are very similar. The pyridine ring is 
formed by the o overlap of carbon and nitrogen sp? orbitals. In addition, six p orbitals, 
perpendicular to the plane of the ring, hold six electrons. These six p orbitals form six л 
molecular orbitals that allow electrons to be delocalized over the л system of the pyridine 


ring. The lone pair of nitrogen electrons occupies an sp^ orbital that lies in the plane of the 
ring. 
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15.5 
Cyclodecapentaene has 4n + 2 x electrons (n = 2), but it is not flat. If cyclodecapentaene 
were flat, the starred hydrogen atoms would crowd each other across the ring. To avoid 
this interaction, the ring system is distorted from planarity. 

15.6 


эше ы а ы у шыр. 


A compound that can be described by several resonance forms has a structure that can be 
represented by no single form. The structure of the cyclopentadienyl anion is a hybrid of 
all of the above structures and contains only one kind of carbon atom and one kind of 
hydrogen atom. All carbon-carbon bond lengths are equivalent, as are all 
carbon-hydrogen bonds lengths. Both the ІН NMR апа PC NMR spectra show only one 
absorption. 


15.7 When cyclooctatetraene accepts two electrons, it becomes а (4n + 2) x electron aromatic 
ion. Cyclooctatetraenyl dianion is planar with a carbon-carbon bond angle of 135°, that of 
a regular octagon. 


15.8 This diagram resembles Figure 15.5 but has one less antibonding orbital. 


Pepsi L5 —* d-4- | HE | He A 
orbitals x 
ee ме 


Energy 
Five Cyclopenta- Cyclopenta- Cyclopenta- 
cyclopenta- trienyl trienyl trienyl 
trienyl cation radical anion 
molecular 4л 5n бл 


orbitals electrons electrons electrons 
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15.9 Furanis the oxygen analog of pyrrole. Furan is aromatic because it has 6 zx electrons in a 
cyclic, conjugated system. Oxygen contributes two lone-pair electrons from a p orbital 
perpendicular to the plane of the ring. 


15.10 


The heterocyclic thiazolium ring contains six x electrons. Each carbon contributes one 
electron, nitrogen contributes one electron, and sulfur contributes two electrons to the ring 
a system. The thiazolium ion is aromatic because it has 6 x electrons in a cyclic, planar, 
conjugated system. 


CS ч» C Azulene 


Azulene is aromatic because it has a conjugated cyclic л electron system containing ten x 
electrons (a Hückel number). 


15.11 


15.12 


Vv 
i Jd 
Purine 


Purine is a ten-z-electron aromatic molecule. The N—H nitrogen atom in the five-membered 
ring donates both electrons of its lone pair to the x electron system, and each of the other 
three nitrogens donates one electron to the zx electron system. 
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Visualizing Chemistry 


15.13 
(a) сн, (b) о 
HO CHCH C 
j “он 
NO» 
m-Isopropylphenol o-Nitrobenzoic acid 


15.14 The all-cis cyclodecapentaene shown here is not aromatic because it is not planar. All 
hydrogens, however, are equivalent and show one absorption in the vinylic region of the 
molecule's ІН NMR spectrum. If the molecule were planar and therefore aromatic, the 
absorption would appear between 6.5—8.0 8. 


15.15 1,6-Methanonaphthalene has ten z electrons and is sufficiently planar to behave as an 
aromatic molecule. The perimeter hydrogens absorb in the aromatic region of the ІН NMR 
spectrum (6.9—7.3 $). Interaction of the applied magnetic field with the perimeter zx 
electrons sets up a ring current (see Section 15.7) that strongly shields the CH» protons 
and causes them to absorb far upfield (—0.5 8). 


\ 


Е — 
= 22 


15.16 Three resonance forms for the carbocation of the formula СзНо are shown below, and 
more can be drawn. These forms show that the positive charge of the carbocation can be 
stabilized in the same way as an allylic or benzylic carbocation is stabilized — by overlap 
with the neighboring z electrons of the ring system. 


а= 
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M t I 


+> 


15.17 


Molecules with dipole moments are polar because electron density is drawn from one part 
of the molecule to another. In azulene, electron density is drawn from the seven-membered 
ring to the five-membered ring, satisfying Hückel's rule for both rings and producing a 
dipole moment. The five-membered ring resembles the cyclopentadienyl anion in having 
six x electrons, while the seven-membered ring resembles the cycloheptatrienyl cation. The 
electrostatic potential map shows that the five-membered ring is more electron-rich (red) 
than the seven-membered ring. 


Additional Problems 


Naming Aromatic Compounds 


15.18 
(a) СНз CH (0 сон (©) Вг 
CHCH5CH5CHCHs : 
Br H3C CH3 
2-Methyl-5-phenylhexane m-Bromobenzoic acid 1-Bromo-3,5- 
dimethylbenzene 
(f gr (e) (f) NH» 
CH2CH2CH3 


Cl 


o-Bromopropylbenzene 1-Fluoro-2,4- p-Chloroaniline 


dinitrobenzene 


15.19 


(à) мн, (b) 


(c) СНз 


OH 
МН, i CH4CH5CH5CHCHCH3 
CH3 HO OH 
3-Methyl-1,2-benzenediamine 


1,3,5-Benzenetriol 3-Methyl-2-phenylhexane 
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(d сон 
NH» 


2 


o-Aminobenzoic acid 


15.20 


(a) NO» 
NO» 


a: 


o-Dinitrobenzene 


(b) 


CH3 


da 


CH3 


1-Вгото-2,3- 
dimethylbenzene 


CH3 


T я 
[6%] 


1-Вгото-2,4- 
dimethylbenzene 
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(e) OH 


СУ- 


Вг 


m-Bromophenol 


E о 
О 
N 


NO» 


m-Dinitrobenzene 


H3C CH3 


C 


2-Bromo-1,3- 
dimethylbenzene 


CH3 


T = 
[99] 


4-Bromo-1,2- 
dimethylbenzene 


(f) OH 
OoN NO» 
NO, 


2,4,6-Trinitrophenol 


МО» 
МО» 
p-Dinitrobenzene 


Br 
H3C 


2-Bromo-1,4- 
dimethylbenzene 


Br 
O. 


1-Bromo-3,5- 
dimethylbenzene 


МО» 
МО» 
2,3,4-Trinitrophenol 


OH 
NO% 


ON 


МО» 
2,4,5-Trinitrophenol 


o-Chlorotoluene 


m-Chlorotoluene 


OoN NO» 


2,3,5-Trinitrophenol 


ON NO» 


МО» 
2,4,6-Trinitrophenol 


p-Chlorotoluene 


Benzene and Aromaticity 


NO» 


2,3,6-Trinitrophenol 


ON NO, 
МО» 
3,4,5-Trinitrophenol 


15.21 All aromatic compounds of formula C7H7Cl have one ring and three double bonds. 


Hs Hs Hs 
Cl 
Cl 
Cl 


CHCI 


Q 


Benzyl chloride 
(Chloromethyl)- 
benzene 


351 
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15.22 Six of these compounds are illustrated and named in Problem 15.20 (b).The other eight 


are: 
H3 H3 H3 
CH 2 Br 
CH 2 Br 
CH 2 Br 
o-(Bromomethyl)toluene m-(Bromomethyl)toluene | p-(Bromomethyltoluene 
CHBrCHs CH2CH5Br 
(1-Bromoethyl)benzene (2-Bromoethyl)benzene 
H2CH3 H2CH3 H2CH3 
Br 
Br 
Br 
o-Bromoethylbenzene m-Bromoethylbenzene p-Bromoethylbenzene 


Structures of Organic Compounds 


15.23 All compounds in this problem have four double bonds and/or rings and must be 
substituted benzenes, if they are to be aromatic. They may be substituted by methyl, ethyl, 
propyl, or butyl groups. 


(a) H3 
H3C CH3 
b 
CH3 CH, HC CH3 
СНз H3C 
CH3 CH3 CH3 CH2CH3 
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(c) 
CH3 CH2CH3 
CH3 
ч) CH2CH3 CH2CH3 CH(CH3)o CH3 CH2CH2CH3 
CH2CH3 CH2CH3 
H3C CH3 CH3 


CH3 CH3 


8 1 
7 з 2 
-«— —— -— — 
6 3 
10 
5 4 


The bond between carbons 1 and 2 is represented as a double bond in two of the three 
resonance structures, but the bond between carbons 2 and 3 is represented as a double 
bond in only one resonance structure. The C1-C2 bond thus has more double-bond 
character in the resonance hybrid, and it is shorter than the C2-C3 bond. The C3-C4, 
C5-C6, and C7-C8 bonds also have more double-bond character than the remaining 
bonds. 


15.26, 15.27 


OF OF OF OFT 


The circled bond is represented as a double bond in four of the five resonance forms of 
phenanthrene. This bond has more double-bond character and thus is shorter than the other 
carbon-carbon bonds of phenanthrene. 


15.24 


15:25 
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15.28 
үз 
‚ Оз О 
В АЫ м2 | 
2. Zn, НО? Q 
4 : П o^ ^H 
A “сё” 
| 
Н 
{з 
Bcc oae 
HS Z0 II 
1. Оз | О 
——————LÓ€ 
2. Zn, НО? О 
: “So T 
bd 
H 


If o-xylene exists only as structure A, ozonolysis would cause cleavage at the bonds 
indicated and would yield two equivalents of pyruvaldehyde and one equivalent of glyoxal 
for each equivalent of A consumed. If o-xylene exists only as structure B, ozonolysis 
would yield one equivalent of 2,3-butanedione and two equivalents of glyoxal. If o-xylene 
exists as a resonance hybrid of A and B, the ratio of ozonolysis products would be glyoxal 
: pyruvaldehyde : 2,3-butanedione = 3:2:1. Since this ratio is identical to the 
experimentally determined ratio, we know that A and B contribute equally to the structure 
of o-xylene. Note that these data don't distinguish between the resonance hybrid structure 
and the alternate possibility, equilibrium between two isomeric o-xylenes. 


Aromaticity and Hückel's Rule 


a H H H 
AgBF4 | 
—— ——- AgCl(s) + аз» <—_ > 
+ + 


H H H H H H 


15.29 


The product of the reaction of 3-chlorocyclopropene with AgBF, is the cyclopropenyl 
cation C3H3*. The resonance structures of the cation indicate that all hydrogen atoms are 
equivalent, and the IH NMR spectrum, which shows only one type of hydrogen atom, 
confirms this equivalence. The cyclopropenyl cation contains two zelectrons and is 
aromatic according to Hückel's rule. (Here, n = 0.) 
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15.30 


T a a 2... э — 
bia Ш Tem 


Three p atomic ``. 


orbitals HE Ar AL Ar 


Energy Three Cyclopro- СусІорго- СусІорго- 
cyclopropenyl penyl penyl penyl 
molecular cation radical anion 
orbitals 2n 3n An 
electrons electrons electrons 


The cyclopropenyl cation is aromatic, according to Hückel's rule. 


15.31 


:0:97 :0: 


We 522 + 


А "CH, 


In resonance structure А, methylcyclopropenone is a cyclic conjugated compound with 
three zx electrons in its ring. Because the electronegative oxygen attracts the zx electrons of 
the carbon-oxygen x bond, however, a second resonance structure B can be drawn in 
which both carbonyl x electrons are located on oxygen, leaving only two zelectrons in the 


ring. Since 2 is a Hückel number, the methylcyclopropenone ring is aromatic and is 
expected to be stable. 


Terum 105; T AM 
5+ А :О: го? 
zd => 
A B С р 


Cycloheptatrienone Cyclopentadienone 


15.32 


As in the previous problem, we can draw resonance forms in which both carbonyl x 
electrons are located on oxygen. The cycloheptatrienone ring in B contains six x electrons 
and is aromatic according to Hückel's rule. The cyclopentadienone ring in D contains four 
z electrons and is antiaromatic. 
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15.33 Check the number of electrons in the л system of each compound. The species with a 
Hückel (4n + 2) number of zelectrons is the most stable. 


cation radical anion 


8 x electrons 9 x electrons 10 x electrons 


The 10 zx electron anion is the most stable. 


15.34 Treat 1,3,5,7-cyclononatetraene with a strong base to remove a proton. 


H H Na* H 


15.35 As with azulene, redistribution of the x electrons of calicene produces a resonance form in 
which both rings are aromatic and which has a dipole moment (see Problem 15.17). 


Eu ess =] 


15.36 Pentalene has eight xelectrons and is antiaromatic. Pentalene dianion, however, has ten л 
electrons and is a stable, aromatic ion. 


15.37 


H  Indole 


Indole, like naphthalene, has ten л electrons in two rings and is aromatic. Two x electrons 
come from the nitrogen atom. 
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15.38 The 1,2,4-triazole ring is aromatic because it has 6 x electrons in a cyclic, conjugated 


system. 
i 
G () a 
нем) 
“ 
М Ñ F 1,2,4-Triazole ring 


С Сен O 
Spectroscopy 


15.39 Compound A has four multiple bonds and/or rings. Possible structures that yield three 
monobromo substitution products are: 


у 
I | 


Only structure I shows a six-proton singlet at 2.30 8, because it contains two identical 
benzylic methyl groups unsplit by other protons. The presence of four protons in the 
aromatic region of the H NMR spectrum confirms that I is the correct structure. 


15.40 The molecular weight of the hydrocarbon (120) corresponds to the molecular formula 
CoH}2, which indicates four double bonds and/or rings. The 'H NMR singlet at 7.25 6 
indicates five aromatic ring protons. The septet at 2.90 à is due to a benzylic proton that 
has six neighboring protons. 


( О-оо, Isopropylbenzene 


15.41 Based on degree of unsaturation, both hydrocarbons are disubstituted benzenes. The 
compound in (a) has two ethyl groups, and the compound in (b) has an isopropyl group 
and a methyl group. The IR data must be used to find the pattern of substitution. 

Data in Section 15.7 show that an IR absorption of 745 стг! corresponds to an o- 
disubstituted benzene, and an absorption of 825 em! corresponds to a p-disubstituted 
benzene. 


(а) CH2CH3 (b) CH(CH3)2 


CH»CH3 НС 
o-Diethylbenzene p-Isopropyltoluene 
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General Problems 


15.42 
OH OH 
BN Z 
=—5- 
+24 М + 
О О 
Е Е 


Protonation of 4-pyrone gives structure A, which has resonance forms B, C, D, E and F. 
In E and F, a lone pair of electrons of the ring oxygen is delocalized into the ring to 
produce a six zelectron system, which should be aromatic according to Hückel's rule. 


15.43 The isoxazole ring is aromatic for the same reasons as the 1,2,4-triazole ring is aromatic 
(Problem 15.38). 


[S dac 


NC:) Isoxazole ring 


1 С me 


15.44 The second resonance form of N-phenylsydnone shows the aromaticity of the five- 
membered ring more clearly. In this form, the ring oxygen contributes two electrons to the 
ring z system, each nitrogen contributes one electron and each carbon contributes one 
electron (the carbonyl oxygen bears a formal negative charge). This 6 x electron, cyclic 
conjugated system obeys Hückel's rule. 


H N-Phenylsydnone 
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15.45 


* * 
= a eet e 


i Lu т sees диа 
wmm Vs —5 dde He HE [HE 
Energy No» Arp A + 


Seven Cyclohepta- Cyclohepta- Cyclohepta- 
cyclohepta- trienyl trienyl trienyl 

trienyl cation radical anion 
molecular бл 7л 8л 

orbitals electrons electrons electrons 


The cycloheptatrienyl cation has six л electrons (a Hückel number) and is aromatic. 


15.46 
Я ge M 
| + 
CH2CH=CHCH сн сн снн; CH — CHCH2CH5 
-—— = 
1-Phenyl-2-butene ]-Phenyl-1-butene 


The alkene double bond is protonated to yield an intermediate carbocation, which loses a 
proton to give a product in which the double bond is conjugated with the aromatic ring, as 
shown by the increased value of Amax. 


15.47 All of these compounds have 4 degrees of unsaturation and are substituted benzenes. The 
benzylic absorptions (2.3—3.0 5) identify the hydrogens next to the aromatic ring. 
Remember that the data from the IR spectrum can be used to assign the substitution pattern 
of the ring. 


(а) CHCH (0) cHycH, © C(CH3)3 


Br CH 3 H 3C 
p-Bromoethylbenzene o-Ethyltoluene p-tert-Butyltoluene 
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15.48 The compound has nine degrees of unsaturation. The IH NMR spectrum shows that the 
compound is symmetrical and that the only absorptions occur in the vinylic and aromatic 
regions of the spectrum. The IR spectrum shows peaks due to a monosubstituted benzene 


ring and to R2C2CH» (890 cm 2 


fik 
15.49 
Br H Br H Br Br 
—- => <=> —_> 
+ 
15.50 
CH3 CH3 CH3 ] 
Br Br Br 
H «> ee H 
+ + 
СНз СНз СНз СНз 
Вто * k 
Br Bre Br 
CH, H CHa. H CH, H 
+ + 
H Br H Br H Br | 


The ortho and para products predominate because the intermediate carbocation is more 
stabilized. The third resonance form drawn for ortho-para attack places the positive charge 
at the methyl-substituted carbon, which is a more stable tertiary carbocation. 
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Chapter 16 — Chemistry of Benzene: 


Electrophilic Aromatic Substitution 


Chapter Outline 


I. Hlectrophilic aromatic substitution reactions (Sections 16.1—16.3). 
A. Bromination of aromatic rings (Section 16.1). 
1. Characteristics of electrophilic aromatic substitution reactions. 
a. The accessibility of the л electrons of an aromatic ring make it a nucleophile. 
b. Aromatic rings are less reactive to electrophiles than are alkenes. 
1. А catalyst is needed to make the reacting molecule more electrophilic. 
2. Mechanism of bromination. 
a. Br complexes with FeBr3 to produce a positively polarized bromine. 
b. The polarized electrophile is attacked by the x electrons of the ring in a slow, 
rate-limiting step. 
c. Thecation intermediate is doubly allylic but is much less stable than the starting 
aromatic compound. 
d. The carbocation intermediate loses H* from the bromine-bearing carbon in a fast 
step to regenerate an aromatic ring. 
B. Other aromatic substitution reactions (Section 16.2). 
1. Fluorination, chlorination and iodination. 
a. Fluorination is achieved by using the reagent F-TEDA-BF,4. 
b. Chlorine reacts in the presence of FeCl; to yield chlorinated rings. 
c. lodination occurs only in the presence of an oxidizing agent. 
2. Nitration. 
a. A mixture of HNO; and H5SO, is used for nitration. 
b. The reactive electrophile is NO5*. 
c. Products of nitration can be reduced with Fe or ПС to yield an arylamine. 
3. Sulfonation. 
a. Rings сап be sulfonated by a mixture of SO3 and H2SO,j to yield sulfonic acids. 
b. The reactive electrophile is either SO3 or HSO;*. 
c. Sulfonation is reversible. 
4. Hydroxylation. 
a. Direct hydroxylation of an arylamine is rarely done in the laboratory. 
b. In enzyme-catalyzed biological hydroxylations, the reactive species is ап "OH*" 
equivalent. 
C. Alkylation of aromatic rings (Section 16.3). 
1. The Friedel-Crafts alkylation introduces an alkyl group onto an aromatic ring. 
2. An alkyl chloride, plus an AlCl; catalyst, produces an electrophilic carbocation. 
3. There are several limitations to using the Friedel—Crafts reaction. 
a. Only alkyl halides — not aryl or vinylic halides — can be used. 
b. Friedel-Crafts reactions don't succeed on rings that have amino substituents or 
deactivating groups. 
c. Polyalkylation is often seen. 
d. Rearrangements of the alkyl carbocation often occur. 
i. Rearrangements may occur by hydride shifts or by alkyl shifts. 
D. Acylation of aromatic rings. 
1. Friedel—Crafts acylation occurs when an aromatic ring reacts with a carboxylic acid 
chloride (ROCI). 
2. The reactive electrophile is an acyl cation, which doesn't rearrange. 
3. Polyacylation never occurs in acylation reactions. 
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II. Substituent effects in substituted aromatic rings (Sections 16.4—16.6). 
A. Types of substituent effects (Section 16.4). 


Ii 
2. 
3. 


Substituents affect the reactivity of an aromatic ring. 
Substituents affect the orientation of further substitution. 
Substituents can be classified into three groups: 

a. Ortho- and para-directing activators. 

b. Ortho- and para-directing deactivators. 

c. Meta-directing deactivators. 


B. Explanation of substituent effects (Section 16.5). 


p 
2. 
3: 


All activating groups donate electrons to an aromatic ring. 
All deactivating groups withdraw electrons from a ring. 
Two kinds of effects are responsible for reactivity and orientation. 
a. Inductive effects are due to differences in bond polarity. 
b. Resonance effects are due to overlap of a p orbital of a substituent with a p 
orbital on an aromatic ring. 
1. Carbonyl, cyano and nitro substituents withdraw electrons. 
(a). These substituents have the structure —-Y=Z. 
ii. Halogen, hydroxyl, alkoxyl and amino substituents donate electrons. 
(a). These substituents have the structure —Ү:. 
iii. Resonance effects are greatest at the ortho and para positions. 
c. Resonance and inductive effects don't always act in the same direction. 
Alkyl groups — ortho- and para-directing activators. 
a. Alkyl groups inductively donate electrons to a ring. 
b. AIKyl groups are o,p-directors because the carbocation intermediates are best 
stabilized when attack occurs at the ortho and para positions. 


. -ОН, -NH, groups — ortho- and para-directing activators. 


a. —OH, -NH» donate electrons by resonance involving the ring and the group. 

b. The intermediates of ortho- and para-attack are more stabilized by resonance 
than are intermediates of meta attack. 

Halogens — ortho- and para-directing deactivators. 

a. The electron-withdrawing inductive effect of halogen outweighs its electron- 
donating resonance effect. 

b. The resonance effect orients substitution to the o,p positions. 

c. The inductive effect deactivates the ring. 

Meta-directing deactivators. 

a. Meta-directing deactivators act through both inductive and resonance effects. 

b. Because resonance effects destabilize ortho and para positions the most, 
substitution ion occurs at the meta position. 


C. Trisubstituted benzenes: additivity of effects (Section 16.6). 


p 
2. 
3. 


If the effects of both groups are additive, the product of substitution is easy to 
predict. 

If the directing effects of the groups are opposed, the more powerful activating 
group determines the product, although mixtures sometimes result. 

For steric reasons, substitution rarely occurs between two groups that are meta to 
each other. 


III. Other reactions of aromatic rings (Sections 16.7—16.10). 
A. Nucleophilic aromatic substitution (Section 16.7). 


I 


2. 
3. 


4. 


An aryl halide with electron-withdrawing groups can undergo nucleophilic aromatic 
substitution. 

This reaction occurs through an addition/elimination mechanism. 

Addition of the nucleophile proceeds through an intermediate Meisenheimer 
complex that is stabilized by o,p electron-withdrawing substituents on the ring. 
The halide is eliminated to yield product. 
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B. Benzyne (Section 16.8). 
1. Athigh temperatures and with strong base, halobenzenes without electron- 
withdrawing substituents can be converted to phenols. 
2. This reaction occurs by an elimination/addition reaction that involves a benzyne 
intermediate. 
a. Strong base causes elimination of HX from the aryl halide to generate benzyne. 
b. A nucleophile adds to benzyne to give the product. 
3. The benzyne intermediate can be trapped in a Diels—Alder reaction. 
4. Benzyne has the electronic structure of a distorted alkyne and has one very weak z 
bond. 
C. Oxidation of aromatic compounds (Section 16.9). 
1. Oxidation of alkylbenzene side chains. 
a. Strong oxidizing agents cause the oxidation of alkyl side chains with benzylic 
hydrogens. 
b. The products of side-chain oxidation are benzoic acids. 
c. Reaction proceeds by a complex radical mechanism. 
2. Bromination of alkylbenzene side chains. 
a. NBS brominates alkylbenzene side chains at the benzylic position. 
b. Bromination occurs by the mechanism described for allylic bromination and 
requires a radical initiator. 
c. The intermediate benzylic radical is stabilized by resonance. 
D. Reduction of aromatic compounds (Section 16.10). 
1. Catalytic hydrogenation of aromatic rings. 
a. Itis possible to selectively reduce alkene bonds in the presence of aromatic 
rings because rings are relatively inert to catalytic hydrogenation. 
b. With a stronger catalyst, aromatic rings can be reduced to cyclohexanes. 
2. Reduction of aryl alkyl ketones. 
a. Aryl alkyl ketones can undergo catalytic hydrogenation to form alkylbenzenes. 
b. Acylation plus reduction is a route to alkyl substitution without rearrangement. 
c. This reaction only occurs with aryl alkyl ketones and also reduces nitro groups 
to amino groups. 
IV. Synthesis of polysubstituted benzenes (Section 16.11). 
A. To synthesize substituted benzenes, it is important to introduce groups so that they have 
the proper orienting effects. 
B. It is best to use retrosynthetic analysis (work backward from the product) to plan a 
synthesis. 


Solutions to Problems 


CH3 CH3 Br CH3 CH3 
Bro 
—- + + 
РеВгз 
Вг Вг 


0-Bromotoluene m-Bromotoluene — p-Bromotoluene 
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16.2 
UN Sp —CH5CI | u^ мм CHCI 
andi ше s) —/ 
+ Н | 
Е +/ \ 
НМ /~N—CHCI 
The x electrons of benzene attack the fluorine of F-TEDA-BF4, and the nonaromatic 
intermediate loses —H to give the fluorinated product. 
16.3 


Cl 
A CH; CH3 с CHs 
b Clo 
— + 
A CH3 CH3 CH3 
A B 
o-Xylene 


Chlorination at either position "a" of o-xylene yields product A, and chlorination at either 
position "b" yields product B. 


H3 H3 H3 H3 
Cl Cl 
a с Clo 
——— + + 
b FeCl3 
CH CH Cl CH CH 
a 3 A B 3 C 3 


3 
m-Xylene 


Three products might be expected to form on chlorination of m-xylene. 


CH3 CH3 
с, 
SS 
FeCl, 
HC HC cl 


p-Xylene 


Only one product results from chlorination of p—xylene because all sites are equivalent. 
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16.4 
D—OSO4D | Р Qu ^: Base j D 
V 
— E =” 
*^H 


Benzene can be protonated by strong acids. The resulting intermediate can lose either 
deuterium or hydrogen. If —H is lost, deuterated benzene is produced. Attack by deuterium 
can occur at all positions of the ring and leads to eventual replacement of all hydrogens by 
deuterium. Only the first step is shown. 

16.5 Сагросайоп rearrangements of alkyl halides occur (1) if the initial carbocation is primary or 
secondary, and (2) if it is possible for the initial carbocation to rearrange to a more stable 
secondary or tertiary cation. 

T 

(a) Although CH3CH» is a primary carbocation, it can't rearrange to a more stable cation. 
(b) CH3CH2CH(C1)CHz3 forms a secondary carbocation that doesn't rearrange. 

+ + 
(c) CH3CH2CH) rearranges to the more stable CH3CHCH3. 

+ + 
(d) (CH3)3CCH)o (primary) undergoes an alkyl shift to yield (CH3)2CCH2CHs3 (tertiary). 
(е) The cyclohexyl] carbocation doesn't rearrange. 
In summary: 


No rearrangement: (a) CH3CH2Cl, (b) CH3CH2CH(Cl)CHs, (e) chlorocyclohexane 
Rearrangement: (c) CH3CH2CH2Cl, (d) (CH3)3CCH2Cl 


16.6 
+ 
Ке, ? 
L H si 
Isobutyl carbocation tert-Butyl carbocation 
(primary) (tertiary) 
CH3 С(СНз)з |- 
3)3 


| 
CH3CCH3 АСЫ" 
+ 


————- M — T HCI 


+H + АС 
tert-Butylbenzene 
The isobutyl carbocation, initially formed when 1-chloro-2-methylpropane and AlCl; react, 


rearranges via a hydride shift to give the more stable tert-butyl carbocation, which can then 
alkylate benzene to form tert—butylbenzene. 
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16.7 To identify the carboxylic acid chloride used in the Friedel-Crafts acylation of benzene, 
break the bond between benzene and the ketone carbon and replace it with a —Cl. 


16.8 Use Figure 16.11 to find the activating and deactivating effects of groups. 
Most Reactive ————————————_> Least Reactive 


(a) Phenol > toluene > benzene > nitrobenzene 
(b) Phenol > benzene > chlorobenzene > benzoic acid 


(c) Aniline > benzene > bromobenzene > benzaldehyde 


16.9 Refer to Figure 16.11 in the text for the directing effects of substituents. You should 
memorize the effects of the most important groups. As in Worked Example 16.2, identify 
the directing effect of the substituent, and draw the product. 


(a) Br Br Br 
МО» 
HNO3 
———- + 
H5S04 


Even though bromine is a deactivator, it is an ortho-para director. 


(D қо, NO» 


NO» 


The —NO> group is a meta-director. 


© он OH OH 


TE 
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NH» NH9 
Br 
Bro 
__——— + 
Br 


No catalyst is necessary because aniline is highly activating. 


16.10 An acyl substituent is deactivating. Once an aromatic ring has been acylated, it is much less 
reactive to further substitution. An alkyl substituent is activating, however, so an alkyl- 
substituted ring is more reactive than an unsubstituted ring, and polysubstitution occurs 
readily. 


16.11 (Trifluoromethyl)benzene is less reactive toward electrophilic substitution than toluene. 
The electronegativity of the three fluorine atoms causes the trifluoromethyl group to be 
electron-withdrawing and deactivating toward electrophilic substitution. The electrostatic 
potential map shows that the aromatic ring of (trifluoromethyl)benzene is more electron- 
poor, and thus less reactive, than the ring of toluene (red). 


16.12 
Oô- es TE e 
[| 
H cSt H + (Còt H + [Còt H + _ Còt 
S “сн, S a СЫ NS e ^CHs SN "Sch 
<=> m EX + чч» .. 


T d To 
| 
H £A C. À- Н. + 2С 
SN “сн, NiS “сн, 
e A 
P 


Q 
more favored 


For acetanilide, resonance delocalization of the nitrogen lone pair electrons to the aromatic 
ring is less favored because the positive charge on nitrogen is next to the positively 
polarized carbonyl group. Resonance delocalization to the carbonyl oxygen is favored 
because of the electronegativity of oxygen. Since the nitrogen lone pair electrons are less 
available to the ring than in aniline, the reactivity of the ring toward electrophilic 
substitution is decreased, and acetanilide is less reactive than aniline toward electrophilic 
substitution. 
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16.13 
Ortho attack: 

+ E E gt ОЕ 

H H E NIE 

же EL we <—_>/ we i 

+ „О: + „О: : + О: и 

N^" + nem T NU d 

:О: :О: Least ^, O „7 


stable ^^-----^ 
Meta attack: 


m . А T = T : 


N =. ae 
^+ Н :07 H 07 H 
=— <> 
+ + 


10! 


Para attack: n ишы -- 
g^ E a E 
н х H 
jm Ж <>» 
TN si r >is А | LIN + 
II || jt II 
:0: Least ` О: 1“ :08 
stable ~>~_ nea 


The circled resonance forms are unfavorable, because they place two positive charges 
adjacent to each other. The intermediate from meta attack is thus favored. 
16.1 ur 


OCH3 OCH OCHs 


Both groups are ortho, para directors and direct substitution to m same positions. Attack 
doesn't occur between the two groups for steric reasons. 


) NH» NH» Мах 
Вг Е Вг Вг 
Е+ 
SS + 
E 


Both groups are ortho, para directors, but direct to different positions. Because -NH2 
group is a more powerful activator, substitution occurs ortho and para to it. 
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NO» NO NO% 


2 
Cl Cl 
E+ 
— 
E 


Both groups are deactivating, but they orient substitution toward the same positions. 


њон, 
"x 
Br 


16.15 
(a) 


ia 


eN Gp inos 
(ii) Зно, 
Н2804 


Although both groups are ortho, para directors, the methyl group directs the orientation of 
the substituents because it is a stronger activating group than bromine. 


(b) CH3 ee 
Jf egt 
ы T OCHs OCH 


CH5CHs 


MOT 
(ii) Naso, __ 
H5SO4 T 
3 


The methoxyl group directs substitution to the positions ortho and para to it. 


OCH3 
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16.16 Hydroxide is used to form the nucleophilic phenoxide anion. 
FC FaC FaC 
+ ЕТ 
Cl Cl Cl 
1. 25 


| "oru Oxyfluorfen 


Meisenheimer complex 


Step 1: Addition of the nucleophile. 
Step 2: Elimination of fluoride ion. 


The nitro group makes the ring electron-poor and vulnerable to attack by the nucleophilic 
КО group. It also stabilizes the negatively charged Meisenheimer complex. 


16.17 
H3 | сыз | Нз Нз 
"OH H20 
—— —— * 
a OH 
Br L+B | OH 
p-Bromotoluene p-Methylphenol m-Methylphenol 
H3 [ CH3 CH3 CH3 
OH 
-OH H2O 
—— ——— + 
Br OH 
m-Bromotoluene + o-Methylphenol m-Methylphenol 
CH3 H3 
+ 
Г 
| + Br OH p-Methylphenol 


Treatment of m-bromotoluene with NaOH leads to two possible benzyne intermediates, 
which react with water to yield three methylphenol products. 
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16.18 Oxidation takes place at the benzylic position. 


(a) 
ON CH(CH3)2 ON COH 
KMnO4 
————— 
Но 
m-Nitrobenzoic acid 
(b) 
C(CH3)3 C(CH3)3 
KMnO, 
НО 
H3C HO5C 


p-tert-Butylbenzoic acid 


Treatment with KMnO; oxidizes the methyl group but leaves the tert-butyl group 


untouched. 
16.19 
Bond dissociation energy 421 kJ/mol 375 kJ/mol 369 kJ/mol 


Bond dissociation energies measure the amount of energy that must be supplied to cleave a 
bond into two radical fragments. A radical is thus higher in energy and less stable than the 
compound from which it came. Since the C-H bond dissociation energy is 421 kJ/mol for 
ethane and 375 kJ/mol for a methyl group C-H bond of toluene, less energy is required to 
form a benzyl radical than to form an ethyl radical. A benzyl radical is thus more stable 
than a primary alkyl radical by 46 kJ/mol. The bond dissociation energy of an allyl C-H 
bond is 369 kJ/mol, indicating that a benzyl radical is nearly as stable as an allyl radical. 


16.20 
ji 
CH2CH3 CHCH3 CH =CHo 
_CHgCHpCl | NBS KOH 
or 
AIC, — T CH3CH20H 
Styrene 
16.21 
i i 2 
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16.22 (a) In order to synthesize the product with the correct orientation of substituents, benzene 
must be nitrated before it is mE 


NO 


_HNOg — 


m-Chloronitrobenzene 
(b) Chlorine can be introduced into the correct position if benzene is first acylated. The 
chlorination product can x pi LO 


On 


vA 


CH3 
CH2CH3 


оңбо _ 
АСБ poc 


x 
(c) Friedel-Crafts acylation, followed by chlorination, reduction, and nitration, is the only 
route that gives a product in which the MS group and chlorine have a meta relationship. 


EN 
AC RS 


Ho 
ee 


E 
= н,50, 


4-Chloro- ee UN 
(d) In planning this pathway, remember that the ring must be sulfonated after 
Friedel-Crafts alkylation because a sulfonated ring is too deactivated for alkylation to 
occur. Performing the reactions in this order allows the first two groups to direct bromine 
to the same position. 


SO3H 


CH CH3 
CHgCI SO, 
——* ——>» 


c 
benzenesulfonic acid 
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16.23 (a) Friedel-Crafts acylation, like Friedel-Crafts alkylation, does not occur at an aromatic 
ring carrying a strongly electron-withdrawing group. 


(b) There are two problems with this synthesis as it is written: 
1. Rearrangement often occurs during Friedel-Crafts alkylations using primary 
halides. 
2. Even if p-chloropropylbenzene could be synthesized, introduction of the second 
—С1 group would occur ortho, not meta, to the alkyl group. 


A possible route to this compound: 


O, CHCH O, CHCH 
E мс, pi dd E CH5CH;CHs 
T 
CH3CH;COI с, н, 
———— ———ә ә» 
с с 
Cl Cl Cl Cl 


Visualizing Chemistry 


16.24 (a) The methoxyl group is an ortho-para director. 


() OCH, осн; осн; 
Bro 
———ж> + 
РеВгз 
Вг Вг 
p-Bromomethoxybenzene o-Bromomethoxybenzene 
O 
(2) OCH; | OCH3 OCH3 
CY CH3CCI LY 
——— + 
AlCl} НЗС CH 
3 ЗУМ C C МЕЗ 
|| Д 
О O 
p-Methoxyacetophenone o-Methoxyacetophenone 


(b) Both functional groups direct substituents to the same position. 


(1) 


I 


3-Bromo-4-methylbenzaldehyde 
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О 
(2) CH, Ï CH3 
CH3CCI 
H AICI H CH 
^c 3 ^c C pA 3 
II II II 
O O O 


3-Acetyl-4-methylbenzaldehyde 
16.25 In the lowest-energy conformation of this biphenyl, the aromatic rings are tilted. If the 
rings had a planar relationship, steric strain between the methyl groups and the ring 
hydrogens on the second ring would occur. Complete rotation around the single bond 
doesn't take place because the repulsive interaction between the methyl groups causes a 
barrier to rotation. 


16.26 
CH, COH 
SEL. NO, Es 
САС DN 


16.27 Imagine two routes for synthesis of m-nitrotoluene: 
(1) Alkylation of benzene, followed by nitration, doesn't succeed because an alkyl group is 
an o,p-director. 
(2) Nitration of benzene, followed by alkylation, doesn't succeed because nitrobenzene is 
unreactive to Friedel-Crafts alkylation. 
Thus, it isn't possible to synthesize m-nitrotoluene by any route that we have studied in 
this chapter. 


Additional Problems 


Reactivity and Orientation of Electrophilic Substitutions 


16.28 
Identification: Reason: 


(a) O,p-activator Reaction intermediates are 
stabilized by electron donation 
by the amine nitrogen. 


Group 
ze N(CH 
(b) o,p-activator Reaction intermediates are 
stabilized by the electron dona- 
ting inductive effect of the alkyl 
group. 
xs OCH2CH3 0,p-activator Reaction intermediates are 
О 


stabilized by electron donation 
by the ether oxygen. 


(c) 


(d) m-deactivator Reaction intermediates are 
destabilized by electron with- 
drawal by the carbonyl 


oxygen. 
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Br Br Br 
HNO3 x 
——— 
H5SO, 
МО» ON 


o-Bromonitrobenzene p-Bromonitrobenzene 


CN OoN CN 
HNO3 
— 
H2SO4 


m-Nitrobenzonitrile 


(c) COH OoN COH 
HNO3 
———- 
H5S04 


m-Nitrobenzoic acid 


NO» OoN №, 
HNO3 
———- 
H5S04 


m-Dinitrobenzene 


SO3H ON SO3H 
HNO3 
——————- 
H5SO4 


16.29 
(a) 


(b) 


(e) 


m-Nitrobenzenesulfonic acid 


OCH OCH OCH3 
HNO3 
— 4 
H5S04 
NO» OoN 


o-Methoxynitrobenzene p-Methoxynitrobenzene 


(f) 


Only methoxybenzene reacts faster than benzene (See Figure 16.11). 
16.30 Most reactive ——————————————— > Least reactive 


(a) Benzene > Chlorobenzene > o-Dichlorobenzene 

(b) Phenol > Nitrobenzene > p-Bromonitrobenzene 

(c) o-Xylene > Fluorobenzene > Benzaldehyde 

(d) p-Methoxybenzonitrile > p-Methylbenzonitrile > Benzonitrile 
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16.31 


Chapter 16 


(a) Br 
CHCl 
AlCls 
b 
(b) HO Br 
CH3CI 
АІСІз 


5-Bromo-2-methylphenol 


o-Bromotoluene p-Bromotoluene 


HO Br HO Br 
H3C СНз 


3-Bromo-4-methylphenol 


Both groups direct substitution to the same position. 


с 
(©) МН, 
CH,Cl 
————— 
АСВ 
Cl 
(d) 
NO; 
CH,Cl 
———- 
Тел 
Cl Cl 
(e) 
OH 
CHCl 
————— 
AlCl 
Cl Cl 
(f) Сон 
СНЗСІ 
AlCl 
(g) 
SO3H 
CHCl 
AICl, 
H3C 
(h) Br CH3 
CH,C! 
———— 
AlCla 


Br 


No reaction. AlCl, combines with -NH, to 
form a complex that deactivates the ring 
toward Friedel-Crafts alkylation. 


No reaction. The ring is deactivated. 


CH3 
OH 


Cl Cl 
2,4-Dichloro-6-methylphenol 


No reaction.The ring is deactivated. 


No reaction.The ring is deactivated. 


Br CH3 


H3C Br 


1,4-Dibromo-2,5-dimethylbenzene 


Alkylation occurs in the indicated position because the methyl group is more activating than 
bromine, and because substitution rarely takes place between two groups. 
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16.32 
(a) 


ON OH о ON OH ON OH 
I + 
FeCl3 
Cl Cl 


4-Chloro-3-nitrophenol 2-Chloro-5-nitrophenol 
The —OH group directs the orientation of substitution. 


(b) Cl 
CH3 CH3 CH3 
Clo 
mu z 
FeCl 
CH3 Cl СНз CH3 
4-Chloro-1,2- 1-Chloro-2,3- 
dimethylbenzene dimethylbenzene 
(c) COH с COH COH 
Clo 
Бс 296 " 
FeCl 
ON ON ON Cl 
3-Chloro-4-nitro- 2-Chloro-4-nitro- 
benzoic acid benzoic acid 
Both groups are deactivating to a similar extent, and both possible products form. 
(@ SO3H а SO3H 
Clo 
——- 
F еСіз 
Вг Вг 
4-Bromo-3-chlorobenzenesulfonic acid 
16.33 
(a) 
F F F 
SO3 
=з. " 
Н,804 
HO3S SO3H 
p-Fluorobenzene- o-Fluorobenzene- 
sulfonic acid sulfonic acid 
(b) 


Br OH Br OH Br OH 
503 
oo + 
HoSO4 
HO3S SO3H 


2-Bromo-4-hydroxy- 4-Bromo-2-hydroxy- 
benzenesulfonic acid benzenesulfonic acid 
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(c) 


sulfonic acid 


(9) ia 


OH 
SO3 
————- 
HoSO4 
Br 


3,5-Dibromo-2-hydroxy- 
benzenesulfonic acid 


Cl Cl Cl 
SO3 
— 
Н804 
HO3S 
2,4-Dichlorobenzene- 


Br 


16.34 Most reactive — — — — — — — — — — — — — > Least reactive 


Phenol > Toluene > p-Bromotoluene > Bromobenzene 
Aniline and nitrobenzene don't undergo Friedel-Crafts alkylations. 


16.35 
a 
(a) о 
CL CH2CH3 
CH3 Hə 
——— 
Pd 
МО» МН» 


o-Ethylaniline 
Catalytic hydrogenation reduces both the aromatic ketone and the nitro group. 


Br 
1. HNO3, HpSO4 — 
2. Fe, тити 


Вг 


(b) 


3,4-Dibromoaniline 2,3- T PEN 
Nitration, followed by reduction with Fe, produces substituted anilines. 


) COH 
KM nO4 
————- 
H20 
COH 


o-Benzenedicarboxylic acid 
(Phthalic acid) 


Aqueous KMnO; oxidizes alkyl side chains to benzoic acids. 
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H(CH3)o CH»CH2CH3 
 CHgCHACHACI ` 
i ЖЕ 
OCHs OCH, 


4-Chloro-2-isopropyl- 5-Chloro-2-methoxy- 
methoxybenzene propylbenzene 


The methoxyl group directs substitution because it is a more powerful activating group. 
Rearranged and unrearranged side chains are present in the products. 


16.36 
(a) Cl 


Cl 
CH4CH5CI 
——————- 
AlCls 
СНСНз  CH4CH» 


(b) 


CH3CHCOCI 
АС! 


TOn 


(c) COH ON COH 
HNO3 
——_> 
H5S04 
(d) 


N(CH2CH3)o N(CH2CH3)2 N(CH2CH3)2 
503 
————_—_» 
H5S04 Ы 
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Mechanisms of Electrophilic Substitutions 


16.37 
at f | 
rs 1 HY `: Base I 
*^H 
ó*  à- 
ICI can be represented as I—Cl because chlorine is a more electronegative element than 
iodine. Iodine can act as an electrophile in electrophilic aromatic substitution reactions. 
16.38 
H e. 2 
SO3H (X H 
H— 295939 Ср P *SO3H 
+ 70S0,H n 
This mechanism is the reverse of the sulfonation mechanism illustrated in the text. H* is 
the electrophile in this reaction. 
16.39 


CH 
| 2—— H—OPOsH» 2 
CH3C-CH, (А == (CHa)C+ +  "OPOS4H; 


С(СНз)з 


Снр e 5 C(CH3)3 
fe) : 
+ : Base 


Phosphoric acid protonates 2-methylpropene, forming a tert-butyl carbocation. This 
carbocation acts as an electrophile in a Friedel-Crafts reaction to yield tert-butylbenzene. 
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16.40 When an electrophile reacts with an aromatic ring bearing a (CH3)3N*— group: 


Ortho attack: ARE TU TH 
+ + fe + N 
N(CH3)3 К N(CH3)3 / N(CH3)3: \ 
<=> -« —Ó€ | 1 
Е Е A E 7 
+ H H EN H z^ 


~- aie 


This is a destabilizing 
resonance form because 
two positive charges are 
next to each other. 


Meta attack: 


E + hg E + E kg 
" N(CH3)s " N(CH3)s E N(CH3)s 
-—E————- -—— — —- 
^ + 
Para attack: " p od кс 
+ N(CH3)3 ra N(CH3)3*.. N(CH3)3 
-«— —Á s 
E ' E i E 
H NOH / H x 


This form is destabilizing. 


The N,N,N-trimethylammonium group has no electron-withdrawing resonance effect 
because it has no vacant p orbitals to overlap with the z orbital system of the aromatic ring. 
The (CH3)3N*— group is inductively deactivating, however, because it is positively 
charged. It is meta-directing because the cationic intermediate resulting from meta attack is 
somewhat more stable than those resulting from ortho or para attack. 


16.41 The aromatic ring is deactivated toward electrophilic aromatic substitution by the combined 
electron-withdrawing inductive effect of electronegative nitrogen and oxygen. The lone 
pair of electrons of nitrogen can, however, stabilize by resonance the ortho and para 
substituted intermediates but not the meta intermediate. 


Ortho attack: 


0: :О: ʻO: ʻO: 
li li li | 
. " . + 
E E M E E 
H H H H 
<o => <=> 
+ + 
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Meta attack: 
:О: :О: :О: 


[| || 
:N :N 
+ + 
<=> => 
E E E 
H H 


Para attack: 


Os :0: Ө: ТО 
| 


{М en + {М 
<= <=> <= 
+ + 


H E H E H E H E 


16.42 
CHClz + AlCl} === *ОНСЬ AICI, 
CHCI» | 
+ H 2 
СНСЬ rh. 


CI—AI Clg Сн! 


— + AIClg + HCl 
+ 


(Dichloromethyl)benzene 


(Dichloromethyl)benzene can react with two additional equivalents of benzene by the same 
mechanism to produce triphenylmethane. 


CHCl, H 
+ 2 ——— C 


Triphenylmethane 
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16.43 


РеВгз 


Ф |W 
о |5 
wo 
w 
№ 
ш 
Ke) 


$$8$/ 


Ф 
UJ 
© 
UJ 


Br 


=> 
I I T T 
+ + 
=> 
+ 
UJ 
I I 


5 


=> 
+ 
UJ 
I 


Br 
Br 
+ 
| H 
+ Br 
Br 
H 
bn 
Br 


Br 


T 
T 
T 
[| s= / 
г 5 I 


+ 


Resonance structures show that bromination occurs in the ortho and para positions of the 
rings. The positively charged intermediate formed from ortho or para attack can be 
stabilized by resonance contributions from the second ring of biphenyl, but this 
stabilization is not possible for meta attack. 
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16.44 


T 
HO — OH HO—OH, reactive electrophile 


cid 
————љ» 
catalyst 


e 


+ 


ni + 
HO —OH»2 


——— 


Attack of 

x electrons 

on reactive 

electrophile 


Loss of proton 


OH 


The reactive electrophile (protonated H202) is equivalent to *OH. 


Organic Synthesis 


16.45 
(a) 


CH3 
p-Methoxytoluene 


The reactions in (b) can be performed in either order. 


Cc 
(© CH CH 
ON NO 
сн HNO3 
uis Sci анн ИҢ 
AlCls H5SO4 
NO» 


CH3 
Br 
Bro KMnO, 
———- —————- 
FeBrg H20 


COH 
Br 


o-Bromobenzoic acid 


COH 
2 OXN NO% 
KMnO, 
— 
H20 
NO» 


2,4,6-Trinitrobenzoic acid 
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(d) NO» NO» NH» 


HNO3 Bro 1.Fe, H30* 
_—— _———ә=— _——-—ө— 
H5SO, РеВгз 2 OH 
Вг Вг 


m-Bromoaniline 


16.46 When synthesizing substituted aromatic rings, it is necessary to introduce substituents in 
the proper order. A group that is introduced out of order will not have the proper directing 
effect. Remember that in many of these reactions a mixture of ortho and para isomers may 


be formed. 
(a) с с 
Clo CH3COCI 
FeCl3 AlCl 
C` 
= 
НзСс” “0 
p-Chloroacetophenone 
b 
( ) МО» МО» 


HNO3 Bro 
HoSO4 FeBra 
Br 


m-Bromonitrobenzene 


SO3H 
Bro 503 
РеВгз H5SO, 


(c) Br Bi 
o-Bromobenzenesulfonic acid 
(d) SO3H SO3H 


SO3 с, 
H5SO, FeCl 7 
| 


m-Chlorobenzenesulfonic acid 
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16. 7 
СНз Нз 
Вг 
HNO3 Bro 
T0. РеВгз 
МО» МО» 
2-Bromo-4-nitrotoluene 
(b) 
МО» 
HNO3 
3 —————- 
H5SO4 
ON NO% 


1,3,5-Trinitrobenzene 


с) NH» 


Br Br 
HNO3 1. Ее, 1.Fe, HO" ЗВ 
T504 2. оон 


Br 
2,4,6- Tribromoaniline 


No catalyst is needed for bromination because aniline is very activated toward substitution. 


d 
© СОН СОН 


_CH3CI aoe F-TEDA-BF4 _ 
All | 


m-Fluorobenzoic Ae 


16.48 (a) Chlorination of toluene occurs at the ortho and para positions. To synthesize the given 
product, first oxidize toluene to benzoic acid and then chlorinate. 
(b) p-Chloronitrobenzene is inert to Friedel-Crafts alkylation because the ring is 
deactivated. 
(c) The first two steps in the sequence are correct, but H2/Pd reduces the nitro group as 
well as the ketone. 
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General Problems 


16.49 Attack occurs on the unsubstituted ring because bromine is a deactivating group. Attack 
occurs at the ortho and para positions of the ring because the positively charged 
intermediate can be stabilized by resonance contributions from bromine and from the 
second ring (Problem 16.43). 


ON wat 
— Br 
H 


16.50 When directly bonded to a ring, the -CN group is a meta-directing deactivator for both 
inductive and resonance reasons. In 3-phenylpropanenitrile, however, the saturated side 
chain does not allow resonance interactions of -CN with the aromatic ring, and the -CN 
group is too far from the ring for its inductive effect to be strongly felt. The side chain acts 
as an alkyl substituent, and ortho-para substitution is observed. 


In 3-phenylpropenenitrile, the -CN group interacts with the ring through the x electrons 
of the side chain. Resonance forms show that -CN deactivates the ring toward electrophilic 
substitution, and substitution occurs at the meta position. 


H 
ge 
Ss 02 ш E bá c p Md с 
+ H H 
H rbv Е + КО Br] ri 
v CHCH»CH3 


ex ,CHCH;CHs 
CY CHCHg 
—- — 


"cet 


Protonation of the double bond at carbon 2 of 1-phenylpropene leads to an intermediate 
that can be stabilized by resonance involving the benzene ring. 


3 3 
Actiyated Actiyated 
by -Q- by -0- 
апа -CH3 


Substitution occurs in the more activated ring. The position of substitution is determined 
by the more powerful activating group — in this case, the ether oxygen. 
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(b) E H 
| 
N 
| p 
N * Br 
E* 
== || 
Вг М 
Activated Activated 
by -N- by -N-; 
deactivated E Br 


by -Br 


The left ring is more activated than the right ring. -NHR is an ortho-para director. 


(c) E 
| CH3 
——— 
CH3 


Activatedby Activated by 
-СеН5СН; -СеН5 апа 
—CH, 


Substitution occurs at the ortho and para positions of the more activated ring. Substitution 
doesn't occur between —CgHs and —CHs for steric reasons. 


(d) 5 
ll 


T 
C Cl E C Cl 
————- 


Deactivated Deactivated 
by -С=О by —C=O 
and —Cl 


Substitution occurs at the meta positions of the ring on the left because it is less 
deactivated. 
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16.53 
Br 
О 
Д 
е 07 
g 0 
+ НВг 
Cx R 
N Bro О 
| prm П 
H FeBra C 
S 
Deactivated Activated H Br 
by C=O by -N- 


Attack occurs in the activated ring and yields ortho and para bromination products. The 
intermediate is resonance-stabilized by overlap of the nitrogen lone pair electrons with the л 
electrons of the substituted ring. 


+ H 


H 
о Br О IT 
Gli - 
H 
H 


О = 


| 
Н 
Ж, | 
О Вг О 
II | 
MIT ^N 


H H 


Br 
Br 


O 
О = 


Similar drawings can be made of the resonance forms of ће intermediate resulting from 
ortho attack. Even though the nitrogen lone-pair electrons are less available for 
delocalization than the lone-pair electrons of aniline (Problem 16.12), the -NH- group is 
nevertheless more activating than the C=O group. 


16.54 Reaction of (R)-2-chlorobutane with AICI; produces an ion pair [CH3*CHCH;CH; 
~AICI4]. The planar, sp^-hybridized carbocation is achiral, and its reaction with benzene 
can occur on either side of the carbocation to yield racemic product. 
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16.55 All of these syntheses involve NBS bromination of the benzylic position of a side chain. 
(a) CH5CHs CHBrCH3 CH=CH 


Clo CH3CH>Cl 
——- —————- CBS, т. „КОШ 
FeCl, AlCls (PhCOs)> ethanol 
Cl 


CH3Cl CH3Cl 
——— ———»- 
АІС! АІСІз 


(c) CH5CHg CHBrCHs CH=CH, 


CH3CH>Cl KOH 
SS ==” ipa. ———- 
AlCl (PhCO5)o ethanol 


CH3Br CH5OH 


1. BH3, THF 
2. H202, OH 


CH5CH5OH 


16.56 The product is a substituted phenol, whose —OH group directs the orientation of the 
—C(CHs3)3 groups. The precursor to MON-0585 is synthesized by a Friedel-Crafts 
alkylation of phenol by the appropriate hydrocarbon halide. This compound is synthesized 
by NBS bromination of the product of alkylation of benzene with 2-chloropropane. 


H H 
(CHg)gCHCI_ D. i I ке 
r 
^ AO -— PCO | 
m CH3 


MON-0585 С(СНз)з 
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16.57 
(0 и * OH OH 
ll  H—OSOH «== 1 -> e 
H^ ^H [H~ ^H H^*^H | 
Formaldehyde is protonated to form a carbocation 
(2) г OH ] H 
ы CH5OH 
Hx ,: Вазе | © CH5CH 
e —- 
Cl Cl 
Cl | Cl 


The formaldehyde cation acts as the electrophile in a substitution reaction at the “6” 
position of 2,4,5-trichlorophenol. 


(3) H Г H 
x zs 
II 
Cl H "E en Cl 
Cl | Cl + :ОЅОЗН | 


The product from step 2 is protonated by SHODE acid to produce a cation. 


(4) И 
Cl Cl 
Ain 
Cer 
Cl L ci + H20 
OH OH 
Cl t cl 
Cl Cl 
Cl Cl 
Hexachlorophene 
This cation is attacked by a second molecule of 2,4,5-trichlorophenol to produce 
hexachlorophene. 
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16.58 
Д Д 
oT CX 
P О: heat » О: g 
— —————- 
+ 
N=N: N=N: 
2 Benzyne 
+ СО» + No 
У“ 
ed 
= 
= A Diels—Alder product 
16.59 


MES HO eU НОЗЕ ПОЛЕН 
+ + 
чч > -— > -— > 
+ 


The trivalent boron atom in phenylboronic acid has only six outer-shell electrons and is a 
Lewis acid. It is possible to write resonance forms for phenylboronic acid in which an 
electron pair from the phenyl ring is delocalized onto boron. In these resonance forms, the 
ortho and para positions of phenylboronic acid are the most electron-deficient, and 
substitutions occur primarily at the meta position. 
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16.60 Resonance forms for the intermediate from attack at C1: 


OO-CU- OO - OO) 
-0-0-0 


Resonance forms for the intermediate from attack at C2: 
+ Br + Br 
H H 
<=> => 
Br Br Br + Br 
H H H H 
<=> <=> <=> 
+ T E 


There are seven resonance forms for attack at C1 and six for attack at C2. Look carefully at 
the forms, however. In the first four resonance structures for C1 attack, the second ring is 
still fully aromatic. In the other three forms, however, the positive charge has been 
delocalized into the second ring, destroying the ring's aromaticity. For C2 attack, only the 
first two resonance structures have a fully aromatic second ring. Since stabilization is lost 


when aromaticity is disrupted, the intermediate from C2 attack is less stable than the 
intermediate from C1 attack, and C1 attack is favored. 
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16.61 


(ro: сі :Qens[ cose OCHs| (0: — OCHg 


+ СГ 
—» —- 
l. 2. 


О L О J О 
Meisenheimer complex 


Step 1: Addition of the nucleophile -OCH3. 
Step 2: Elimination of —CI . 


The carbonyl oxygens make the chlorine-containing ring electron-poor and open to attack 
by the nucleophile OCH3. They also stabilize the negatively charged Meisenheimer 


complex. 
16.62 
+ Cl 
Jorn N(CH3)2 
(CH3)9NH | | E 
Zz Zz 
t N 


Step 1: Attack of the nucleophile diethylamine. 
Step 2: Loss of proton. 
Step 3: Loss of СІ. 


This reaction is an example of nucleophilic aromatic substitution. Dimethylamine is a 
nucleophile, and the pyridine nitrogen acts as an electron-withdrawing group that can 
stabilize the negatively-charged intermediate. 


16.63 
c +B NH, 
y^ н. Se NH, 
XN NH 
: NH9 3 + 
1 2. 
CH CH3 CH3 CH3 


Step 1: Abstraction of proton and elimination of Вг. 
Step 1: Addition of NH3 to the benzyne intermediate to form two aniline products. 


The reaction of an aryl halide with potassium amide proceeds through a benzyne 
intermediate. Ammonia can then add to either end of the triple bond to produce the two 
methylanilines observed. 
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16.64 
(a) 


(Y. t 
( ^н 6бвозн T 
O: => Сон —> А 
+ Он 


Protonation of the cyclic ether creates а carbocation intermediate that can react in a 
Friedel-Crafts alkylation. 


(b) _ : Base _ 
+ " 
On ERG 
OH 


OH 


The intermediate alkylates benzene, forming an alcohol product. 


—— c + H20 
+ 


Сон, 


(с) 


-— — — 


Protonation of the alcohol, followed by loss of water, generates a second carbocation. 


(d 


) 


This carbocation undergoes internal alkylation to yield the observed product. 
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16.65 


5 


+ НСІ + AlCls 


Step 1: Formation of primary carbocation. 

Step 2: Rearrangement to a secondary carbocation. 
Step 3: Attack of ring л electrons on the carbocation. 
Step 4: Loss of H*. 


This reaction takes place despite the fact that an electron-withdrawing group is attached to 
the ring. Apparently, the cyclization reaction is strongly favored. 


16.66 


() b НСІ, АС» Т 
“czo áÓ- н—сС=о* АС 


Carbon monoxide is protonated to form ап acyl cation. 


(2) MT Г H РЕ 
H Eri `с=0 | ©-АО» H + HCI 
> + AlCl 
H3C H3C H3C 


The acyl cation reacts with benzene by a Friedel-Crafts acylation mechanism. 
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16.67 
H | OH |] OH : Base 
H 
£1 
-——— —ms + (CH3)oC CHo LN (CH3)5C = CH5 
+ 
H—A + 
U > Loss of 
C(CH3)3 | Н С(СНз)з proton 
Protonation of Loss of 
aromatic ring tert-butyl carbocation 


16.68 Both of these syntheses test your ability to carry out steps in the correct order. 


a 
(a) CH3 CH3 CH3 
Br 
CH3Cl HNO3 Bro 
——- ———À- ——- 
АІСІЗ HoSO4 FeBra 
NOs NOs 


+ ortho isomer 


(b) 
Ох n- CH(CH3)2 O` Ы _2СН(СНз)2 
| 
—————— 
АС! FeCl 
CI 
| Hy, Pd 
CH2CH(CH3)2 CH2CH(CH3)2 
SO3H 
503 
<m 
H5SO4 
Cl Cl 
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16.69 Problem 16.51 shows the mechanism of the addition of HBr to 1-phenylpropene and 
shows how the aromatic ring stabilizes the carbocation intermediate. For the methoxyl- 
substituted styrene, an additional resonance form can be drawn in which the cation is 
stabilized by the electron-donating resonance effect of the oxygen atom. For the nitro- 
substituted styrene, the cation is destabilized by the electron-withdrawing effect of the nitro 


group. 
CHCH3 CHCH3 CHCH3 

<=> 

+ 
N 
| 


) unfavorable 


: , N 
CH30 CH3O d 


favorable 


Thus, the intermediate resulting from addition of HBr to the methoxyl-substituted styrene 
is more stable, and reaction of p-methoxystyrene is faster. 


16.70 
+ 
Hoe = ш: - 4 У (CH3)oS 

:О: (CH3)oS .. .. 

a "ba Hm 
A [| 

CH» —Br CH —H СЕ 
H 
U ——————љ» C ——- 
1. _ “Base 2. 
L + Br J 


Step 1: 5342 displacement takes place when the negatively charged oxygen of dimethyl 
sulfoxide attacks the benzylic carbon of benzyl bromide, displacing Br . 


Step 2: Base removes a benzylic proton, and dimethyl sulfide is eliminated in an E2 


reaction. 
16.71 
и = 1.53 р и = 152D и = 2.91D 
—Br has a strong —NH, has a strong The polarities of the two 
electron-withdrawing electron-donating groups add to produce 
inductive effect. resonance effect. a net dipole moment 


almost equal to the sum of 
the individual moments. 
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O 
Q a pne b EN T 
————- r 
Br 
ENS 
С d e 
——- — — 
Br Br Br 


(a) CH3CH5COCI, AICI5; (b) Н», Pd/C; (c) Вг», FeBr3; (d) NBS, (PhCO5)»; (e) KOH, 
ethanol 


16.72 


16.73 


An electron-withdrawing substituent destabilizes a positively charged intermediate (as in 
electrophilic aromatic substitution) but stabilizes a negatively charged intermediate. For the 
dissociation of a phenol, an -NO4 group stabilizes the phenoxide anion by resonance, thus 
lowering AG? and рК. In the starred resonance form for p-nitrophenol, the negative 
charge has been delocalized onto the oxygens of the nitro group. 


16.74 For the same reason described in the previous problem, a methyl group destabilizes the 
negatively charged intermediate, thus raising AG^ and pK,, making this phenol less acidic. 
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Review Unit 6: Conjugation and Aromaticity 


Major Topics Covered (with vocabulary): 


Conjugated dienes: 

delocalization 1,4-addition allylic position thermodynamic control kinetic control 
vulcanization Diels-Alder cycloaddition dienophile endo product exo product s-cis 
conformation 


Ultraviolet spectroscopy: 
highest occupied molecular orbital (HOMO) lowest unoccupied molecular orbital (LUMO) molar 
absorptivity 


Aromaticity: 
aromatic arene phenyl group benzyl group ortho, meta, para substitution degenerate 
Hückel 4n + 2 rule antiaromatic heterocycle polycyclic aromatic compound ring current 


Chemistry of aromatic compounds: 

electrophilic aromatic substitution sulfonation F-TEDA-BF4 Friedel-Crafts alkylation 
polyalkylation Friedel-Crafts acylation ortho- and para-directing activator ortho- and para- 
directing deactivator meta-directing deactivator inductive effect resonance effect nucleophilic 
aromatic substitution Meisenheimer complex benzyne benzylic position 


Types of Problems: 
After studying these chapters, you should be able to: 


— Predict the products of electrophilic addition to conjugated molecules. 

— Understand the concept of kinetic vs. thermodynamic control of reactions. 

— Recognize diene polymers, and draw a representative segment of a diene polymer. 

— Predict the products of Diels—Alder reactions, and identify compounds that are good 
dienophiles and good dienes. 

— Calculate the energy required for UV absorption, and use molar absorptivity to calculate 
concentration. 

— Predict if and where a compound absorbs in the ultraviolet region. 


— Name and draw substituted benzenes. 

— Draw resonance structures and molecular orbital diagrams for benzene and other cyclic 
conjugated molecules. 

— Use Hiickel's rule to predict aromaticity. 

— Draw orbital pictures of cyclic conjugated molecules. 

— Use NMR, IR and UV data to deduce the structures of aromatic compounds. 


— Predict the products of electrophilic aromatic substitution reactions. 

— Formulate the mechanisms of electrophilic aromatic substitution reactions. 

— Understand the activating and directing effects of substituents on aromatic rings, and use 
inductive and resonance arguments to predict orientation and reactivity. 

— Predict the products of other reactions of aromatic compounds. 

— Synthesize substituted benzenes. 
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Points to Remember: 


* 


It's not always easy to recognize Diels—Alder products, especially if the carbon-carbon double 
bond of the initial product has been hydrogenated. If no hydrogenation has taken place, look 
for a double bond in a six-membered ring and at least one electron-withdrawing group across 
the ring from the double bond. When a bicyclic product has been formed, it has probably 
resulted from a Diels-Alder reaction in which the diene is cyclic. 


To be aromatic, a molecule must be planar, cyclic, conjugated, and it must have 4n + 2 
electrons in its x system. 


The carbocation intermediate of electrophilic aromatic substitution loses a proton to yield the 
aromatic product. In all cases, a base is involved with proton removal, but the nature of the 
base varies with the type of substitution reaction. Although this book shows the loss of the 
proton, it often doesn't show the base responsible for proton removal. This doesn't imply that 
the proton flies off, unassisted; it just means that the base involved has not been identified in 
the problem. 


Nucleophilic aromatic substitution reactions and substitution reactions proceeding through 
benzyne intermediates take place by different routes. In the first reaction, the substitution takes 
place by an addition, followed by an elimination. In the second case, the substitution involves 
an elimination, followed by an addition. Virtually all substitutions are equivalent to an addition 
and an elimination (in either order). 


Activating groups achieve their effects by making an aromatic ring more electron-rich and 
reactive toward electrophiles. Ortho and para directing groups achieve their effects by 
stabilizing the positive charge that results from ortho or para addition of an electrophile to the 
aromatic ring. The intermediate resulting from addition to a ring with an ortho or para director 
usually has one resonance form that is especially stable. The intermediate resulting from 
addition to a ring with a meta director usually has a resonance form that is especially 
unfavorable when addition occurs ortho or para to the functional group. Meta substitution 
results because it is less unfavorable than ortho or para substitution. 


Self-test: 


І І BEN = CH 2 
CH CH CH 
3 A 3 3 
a-Farnesene 


a-Farnesene (A), an important biological intermediate in the synthesis of many natural 


products, has double bonds that are both conjugated and unconjugated. Show the products you 
would expect from conjugate addition of HBr; of Br;. What products would you expect from 


ozonolysis of A? Give one or more distinctive absorptions that you might see in the IR spectrum of 
A and distinguishing features of the ЇН NMR of A. Would you expect A to be UV-active? 
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[^ CH3 
О М О P 
B d HO G Cl CH =CHp 
= CH»CH3 
B с р 
Paroxypropione 


Describe the л orbitals in the ring of B. Might this ring be described as aromatic? 

Paroxypropione (C) is a hormone inhibitor. Predict the products of reaction of C with: (a) 
Вг», FeBr3; (b) CH3Cl, AlCl5; (c) KMnO,, H3O*; (d) Н», Pd/C. If the product of (d) is treated 
with the reagents in (a) or (b), does the orientation of substitution change? What significant 
information can you obtain from the IR spectrum of C? 

Name D. Plan a synthesis of D from benzene. Describe the ЇН NMR of D (include spin-spin 
splitting). Where might D show an absorption in a UV spectrum? 


Multiple choice: 


1. What are the hybridizations of the carbons in 1,2-butadiene, starting with C1? 
(a) sp?, sp?, sp?, sp? (b) sp?, sp?, sp?, sp? (с) sp?, sp, sp?, sp? (d) sp, sp, sp?, sp? 


2.  Inareaction in which the less stable (Is) product is formed at lower temperature, and the 
more stable product (ms) is formed at higher temperature: 
(a) АС > AG? and АСъ;і > АС? (b) AGms? > AG? and. AG? > АС 
(с) AGms? < АС; and AGms* > АС (d) AGms° < AGjs° and АС; > AGms* 
Note: In this problem, a large value for AG? means a large negative value. 


3. Which of the following combinations is most likely to undergo a successful Diels—Alder 
reaction? 


(d) 
2 


(a) (b) (c) 
en SR HC „ОМ 
or Of боб 
SS Hi^ HORE 


4. Which of the following groups, when bonded to the terminal carbon of a conjugated x 
system, probably affects the value of Amax the least? 
(a) -NH2 (b)-Cl (c)-OH (d) -CH3 


5. Ifthe value of Amax for an unsubstituted diene is approximately 220 nm, and each additional 
double bond increases the value of Amax by 30 nm, what is the minimum number of double 
bonds present in a compound that absorbs in the visible range of the electromagnetic 
spectrum? 

(a)6 (b)7 (c)8 (d)9 
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6. Which of the following compounds is aromatic? 
(a) (b) _ (c) (d) 
О 
О 


7. | How many benzene isomers of C;HgBr» сап be drawn? 
(а) 10. (b) 11 (c) 12 (d) 14 


8. Which of the following functional groups isn't a meta-directing deactivator? 
(a) -NO5 (b) -CONHCH3 (c) -N(CH3);* (d) -NHCOCH3 


9. Which of the following compounds can't be synthesized by an electrophilic aromatic 
substitution reaction that we have studied? 
(a) m-Cresol (b) p-Chloroaniline (c) 2,4-Toluenedisulfonic acid (d) m-Bromotoluene 


10. Inonly one of the following compounds can you reduce the aromatic ring without also 
reducing the side chain. Which compound is it? 
(a) p-Bromoanisole (b) Acetophenone (methyl phenyl ketone) (c) Styrene 
(d) Phenylacetylene 
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Chapter 17 — Alcohols and Phenols 


Chapter Outline 


I. Naming alcohols and phenols (Section 17.1). 
A. Alcohols are classified as primary, secondary or tertiary, depending on the number of 
organic groups bonded to the -OH carbon. 
B. Rules for naming simple alcohols. 
1. The longest chain containing the -OH group is the parent chain, and the parent 
name replaces -e with -ol. 
2. Numbering begins at the end of the chain nearer the -OH group. 
3. The substituents are numbered according to their position on the chain and cited in 
alphabetical order. 
C. Phenols are named according to rules discussed in Section 15.1 for aromatic 
compounds. 
II. Properties of alcohols and phenols (Section 17.2). 
A. Hydrogen-bonding of alcohols and phenols. 
1. Alcohols have sp 3 hybridization and a nearly tetrahedral bond angle. 
2. Alcohols and phenols have elevated boiling points, relative to hydrocarbons, due to 
hydrogen-bonding. 

a. In hydrogen-bonding, an -OH hydrogen is attracted to a lone pair of electrons 
on another molecule, resulting in a weak electrostatic force that holds the 
molecules together. 

b. These weak forces must be overcome in boiling. 

B Acidity and basicity of alcohols and phenols. 
1. Alcohols and phenols are weakly acidic as well as weakly basic. 
2. Alcohols and phenols can be reversibly protonated to form oxonium ions. 
3. Alcohols and phenols dissociate to a slight extent to form alkoxide ions and 
phenoxide ions. 
4. Acidity of alcohols. 

a. Alcohols are similar in acidity to water. 

b. Alkyl substituents decrease acidity by preventing solvation of the alkoxide ion. 

c. Hlectron-withdrawing substituents increase acidity by delocalizing negative 
charge. 

d. Alcohols don't react with weak bases, but they do react with alkali metals and 
strong bases. 

5. Acidity of phenols. 

a. Phenols are a million times more acidic than alcohols and are soluble in dilute 
NaOH. 

b. Phenol acidity is due to resonance stabilization of the phenoxide anion. 

c. Hlectron-withdrawing substituents increase phenol acidity, and electron- 
donating substituents decrease phenol acidity. 

III. Alcohols (Sections 17.3-17.8). 
A. Preparation of alcohols (Sections 17.3—17.5). 
1. Familiar methods (Section 17.3). 

a. Hydration of alkenes. 
i. Hydroboration/oxidation yields non-Markovnikov products. 
п. Oxymercuration/reduction yields Markovnikov products. 

b. 1,2-diols can be prepared by OsO, hydroxylation, followed by reduction. 
i. This reaction occurs with syn stereochemistry. 
п. Ring-opening of epoxides produces 1,2-diols with anti stereochemistry. 
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2. Reduction of carbonyl compounds (Section 17.4). 
a. Aldehydes are reduced to primary alcohols. 
b. Ketones are reduced to secondary alcohols. 
1. Either NaBH4(milder) or LiAIH4(more reactive) can be used to reduce 
aldehydes and ketones. 
c. Carboxylic acids and esters are reduced to primary alcohols with LiAIH4. 
1. These reactions occur by addition of hydride to the positively polarized 
carbon of a carbonyl group. 
ii. Water adds to the alkoxide intermediate during workup to yield alcohol 
product. 
3. Reaction of carbonyl compounds with Grignard reagents (Section 17.5). 
a. RMgxX adds to carbonyl compounds to give alcohol products. 
i. Reaction of RMgX with formaldehyde yields primary alcohols. 
ii. Reaction of RMgX with aldehydes yields secondary alcohols. 
iii. Reaction of RMgX with ketones yields tertiary alcohols. 
iv. Reaction of RMgX with esters yields tertiary alcohols with at least two 
identical R groups bonded to the alcohol carbon. 
v. Noreaction occurs with carboxylic acids because the acidic hydrogen 
quenches the Grignard reagent. 
b. Limitations of the Grignard reaction. 
i. Grignard reagents can't be prepared from reagents containing other reactive 
functional groups. 
п. Grignard reagents can't be prepared from compounds having acidic 
hydrogens. 
c. Grignard reagents behave as carbon anions and add to the carbonyl carbon. 
1. A proton from water is added to the alkoxide intermediate to produce the 
alcohol. 
B. Reactions of alcohols (Sections 17.6—17.8). 
1. Conversion to alkyl halides (Section 17.6). 
a. Tertiary alcohols (ROH) are converted to RX by treatment with HX. 
1. The reaction occurs by an Syl mechanism. 
b. Primary alcohols are converted by the reagents PBr3 and SOCH. 
1. The reaction occurs by an 542 mechanism. 
2. Conversion into tosylates. 
a. Reaction with p-toluenesulfonyl chloride converts alcohols to tosylates. 
b. Only the O-H bond is broken. 
c. Tosylates behave as halides in substitution reactions. 
d. 532 reactions involving tosylates proceed with inversion of configuration. 
3. Dehydration to yield alkenes. 
a. Tertiary alcohols can undergo acid-catalyzed dehydration with warm aqueous 
Н›8504. 
1. Zaitsev products are usually formed. 
ii. The severe conditions needed for dehydration of secondary and primary 
alcohols restrict this method to tertiary alcohols. 
iii. Tertiary alcohols react fastest because the intermediate carbocation formed in 
this El reaction is more stable. 
b. Secondary alcohols are dehydrated with РОС]; in pyridine. 
1. This reaction occurs by an E2 mechanism. 
ii. Pyridine serves both as a base and as a solvent. 
Conversion into esters. 
Oxidation of alcohols (Section 17.7). 
a. Primary alcohols can be oxidized to aldehydes or carboxylic acids. 
b. Secondary alcohols can be oxidized to ketones. 


Un d 
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С. 
d. 


f. 


Tertiary alcohols aren't oxidized. 

Oxidation to ketones and carboxylic acids can be carried out with КМпОд, 
CrO3, or Na2Cr207. 

Oxidation of a primary alcohol to an aldehyde is achieved with the Dess-Martin 
periodinane. 

i. The Dess-Martin periodinane is also used on sensitive alcohols. 

Oxidation occurs by a mechanism closely related to an E2 mechanism. 


5. Protection of alcohols (Section 17.8). 


a. 


b. 


It is sometimes necessary to protect an alcohol when it interferes with a reaction 

involving a functional group in another part of a molecule. 

The following reaction sequence may be applied: 

1. Protect the alcohol. 

п. Carry out the reaction. 

iii. Remove the protecting group. 

A trimethylsilyl (TMS) ether can be used for protection. 

i. TMS ether formation occurs by an 532 route. 

ii. TMS ethers are quite unreactive. 

iii. TMS ethers can be cleaved by aqueous acid or by F to regenerate the 
alcohol. 


IV. Phenols (Sections 17.9—17.10). 

A. Preparation and uses of phenols (Section 17.9). 
Phenols can be prepared by treating chlorobenzene with NaOH. 
2. Phenols can also be prepared from isopropylbenzene (cumene). 


Ls 


a. 
b. 


Cumene reacts with O by a radical mechanism to form cumene hydroperoxide. 

Treatment of the hydroperoxide with acid gives phenol and acetone. 

i. The mechanism involves protonation, rearrangement, loss of water, 
readdition of water to form a hemiacetal, and breakdown to acetone and 
phenol. 


3. Chlorinated phenols, such as 2,4-D, are formed by chlorinating phenol. 

4. BHT is prepared by Friedel-Crafts alkylation of p-cresol with 2-methylpropene. 
B. Reactions of phenols (Section 17.10). 
Phenols undergo electrophilic aromatic substitution reactions (Chapter 16). 


lx 


a. 


The -OH group is a o,p-director. 


2. Strong oxidizing agents convert phenols to quinones. 


a. 
b. 
o 


Reaction with Fremy's salt to form a quinone occurs by a radical mechanism. 
The redox reaction quinone — hydroquinone occurs readily. 

Ubiquinones are an important class of biochemical oxidizing agents that 
function as a quinone/hydroquinone redox system. 


V. Spectroscopy of alcohols and phenols (Section 17.11). 
A. IR spectroscopy. 
Both alcohols and phenols show —OH stretches in the region 3300—3600 em! 


l. 


B. 


-ZAUN 


a. 


b. 


Unassociated alcohols show a peak at 3600 ст 
Associated alcohols show a broader peak at 3300—3400 em! 


Alcohols show a C-O stretch near 1050 cm !. 
Phenols show aromatic bands at 1500-1600 cm! 
Phenol shows monosubstituted aromatic bands at 690 and 760 cm! 


MR SM. 
C NMR spectroscopy, carbons bonded to -OH groups absorb in the range 
ae 80 ô. 
ІН NMR. 
a. Hydrogens on carbons bearing -OH groups absorb in the range 3.5—4.5 8. 
i. The hydroxyl hydrogen doesn't split these signals. 
b. рО exchange can be used to locate ће O-H signal. 
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c. Spin-spin splitting occurs between protons on the oxygen-bearing carbon and 
neighboring —H. 
d. Phenols show aromatic ring absorptions, as well as an O-H absorption in the 
range 3-8 6. 
C. Mass Spectrometry. 
1. Alcohols undergo alpha cleavage to give a neutral radical and an oxygen-containing 
cation. 
2. Alcohols also undergo dehydration to give an alkene radical cation. 


Solutions to Problems 


17.1 The parent chain must contain the hydroxyl group, and the hydroxyl group(s) should 
receive the lowest possible number. 


@ он он (b) 


он © 
| | | HO 
CH&CHCH;CHCHCHS CHaCH;CCHs 
CH3 CY CH3 CH3 
CH3 


5-Methyl-2,4-hexanediol 2-Methyl-4-phenyl-2-butanol 4,4-Dimethylcyclohexanol 


(e) (f) 
сн Вг 
OH 
(1S,2S)-2-Bromocyclopentanol 4-Bromo-3-methylphenol 2-Cyclopenten-1-ol 


(а) нас CH5OH (b) OH © h OH 
N / 
= 0 cic} -H 
/ N 
H CHCH 


(Z)-2-Ethyl-2-buten-1-ol 3-Cyclohexen-1-ol trans-3-Chlorocycloheptanol 
and enantiomer 


dy =, 


17.2 


(0 он (0 он 


(e) OH 
| 
CH3CHCH2CH;CH;OH ot a CH2CH20H 


1,4-Pentanediol 2,6-Dimethylphenol — o-(2-Hydroxyethyl)phenol 
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17.3 In general, the boiling points of a series of isomers decrease with branching. The more 
nearly spherical a compound becomes, the less surface area it has relative to a straight 
chain compound of the same molecular weight and functional group type. A smaller 
surface area allows fewer van der Waals interactions, the weak forces that cause covalent 
molecules to be attracted to each other. 

In addition, branching in alcohols makes it more difficult for hydroxyl groups to 
approach each other to form hydrogen bonds. A given volume of 2-methyl-2-propanol 
therefore contains fewer hydrogen bonds than the same volume of 1-butanol, and less 
energy is needed to break them in boiling. 

17.4 


Least acidic | ——————————————————— ——»- Most acidic 


(a) HC=CH < (СНз) СНОН < CH4OH < (СЕ) СНОН 


alkyne hindered alcohol alcohol with electron- 
alcohol withdrawing groups 
(b) p-Methylphenol < Phenol < p-(Trifluoromethyl)phenol 
phenol with electron- phenol with electron- 
donating groups withdrawing groups 


(с) Benzyl alcohol < Phenol «  p-Hydroxybenzoic acid 
alcohol phenol carboxylic acid 


17.5 Wesaw in Chapter 16 that a nitro group is electron-withdrawing. Since electron- 
withdrawing groups stabilize anions, p-nitrobenzyl alcohol is more acidic than benzyl 
alcohol. The methoxyl group, which is electron-donating, destabilizes an alkoxide ion, 
making p-methoxybenzyl alcohol less acidic than benzyl alcohol. 


17.6 
a CH 
ӨЗӨН. а 1. BH3, THF ie 
= M 
с=с 2 нор "OH СнаСнгснСнонз 


2-Methyl-3-pentanol 
In a hydroboration/oxidation reaction, the hydroxyl group is bonded to the less substituted 
carbon. 


2 нс OH 


1. Hg(OAc)s, H20 
Se 
2. NaBH, 


2-Methyl-4-phenyl-2-butanol 
Markovnikov product results from oxymercuration/reduction. 


c 
\ / 1. 0504 \ / \ 14H 
C=C RACER pe CETT S -C—C 
/ N 2. NaHSO3, H20 Á à H' A \ 
C4Hg САН» C4Hg C4Hg C4Hg OH 


meso-5,6-Decanediol 
Hydroxylation results in a diol with syn stereochemistry. 
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17.7 
ME. О OH 
Д II 1. NaBH4 | II 
CH3CCH5CH5COCH; BORSE CH3CHCH5CH5COCH; 
OUS 
NaBH; reduces aldehydes and ketones without interfering with other functional groups. 
0 о О Он 
ll Д 1. ЦАІНД | 
CH3CCH5CH5COCH3 > HOt > CH3CHCHsCHsCH20H 
US 
LiAlH,, a stronger reducing agent, reduces both ketones and esters. 
с) О 
1. LIAIH4 
2. 2.Hg0* 
LiAIH, reduces carbonyl functional groups without reducing double bonds. 
17.8 


(a) о о 
Д Д | 


С С С СНОН 
^H `о ~OR 4, 1.ШАНа 
d Wo. 


Benzyl alcohol may be the reduction product of an aldehyde, a carboxylic acid, or an ester. 
NaBH; may be used to reduce the aldehyde. 


T 
C. 
СНз 4, 1. LIAIH4 
2. 2.Hg0* 


Reduction of a ketone yields the secondary alcohol. NaBH, may also be used here and in 


(c). 


=O 


(b) 


OH 
i 1. LIAIH4 H 
2. 2. но 


(9) 1.LiAIH 
(CH3)2CHCHO or (CH3)2CHCO2H or (CH3)2CHCO>R uot (CH3)2CHCH20H 
SANO 
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17.9 


17.10 


Chapter 17 


All of the products have an -OH and a methyl group bonded to what was formerly a 
ketone carbon. 


(t ag HO CH, 
1. CHaMgBr 
—————— 
2. H30* 
(b) 
HO CH 
Ї Qos 
C 
1. 1.CH3MgBr 
2. 2,0" 
(c) O OH 
II 
CH3CH5CH2CCH5CHs LT CHSCH;CH; COH; CHs 
СНз 


First, identify the type of alcohol. If the alcohol is primary, it can only be synthesized from 
formaldehyde plus the appropriate Grignard reagent. If the alcohol is secondary, it is 
synthesized from an aldehyde and a Grignard reagent. (Usually, there are two 
combinations of aldehyde and Grignard reagent). A tertiary alcohol is synthesized from a 
ketone and a Grignard reagent. If all three groups on the tertiary alcohol are different, there 
are often three different combinations of ketone and Grignard reagent. If two of the groups 
on the alcohol carbon are the same, the alcohol may also be synthesized from an ester and 
two equivalents of Grignard reagent. 


(a) 2-Methyl-2-propanol is a tertiary alcohol. To synthesize a tertiary alcohol, start with a 
ketone. 


О H 
God. ОШМУ noH 
— 
3 3 2. H30* 3 | 3 
CH, 


If two or more alkyl groups bonded to the carbon bearing the -OH group are the same, an 
alcohol can be synthesized from an ester and a Grignard reagent. 


O H 
CH4COR ————>——> CH4CCH 
3 H.0* 3 3 
3 | 
CH3 


2-Methyl-2-propanol 
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(b) Since 1-methylcyclohexanol is a tertiary alcohol, start with a ketone. 


б OH 
1. CHaMgBr CH3 
———————Ó- 
2.H30* 
1-Methylcyclohexanol 


(c) 3-Methyl-3-pentanol is a tertiary alcohol. When two of the three groups bonded to the 
alcohol carbon are the same, either a ketone or an ester can be used as a starting 


material. 
I 1. CH3MgBr 
CH3CH2CCHsCH3 т = 
iu OH 

or | 

О CH3CH3CCH2CH3 
CH3CH3CCH3 = ha ae o> 8 CH3 

2. H30 
or 3-Methyl-3-pentanol 
CH3COR 2. НО? 


(d) Three possible combinations of ketone plus Grignard reagent can be used to synthesize 
this tertiary alcohol. 


O 
Д 


N 
СЕНЕ 1. CH3MgBr 
H H 
2.H30* ©. НЗ 
С 
or " ^" CH5CH3 
“снз 1. CH34CHoMgBr 


2. 
H30 2-Phenyl-2-butanol 
or О 
1. CeHZzMgaB 
CH3CH2CCH3 з=». 


2. H3O* 
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(e) Formaldehyde must be used to synthesize this primary alcohol. 


Ө CHOH 
| 1. CgHsMgBr 
H^ ^H 2. H30* 
Benzyl alcohol 


(f) As in (e), use formaldehyde to synthesize a primary alcohol. 


f 1. (СНз)әСНСН»СН»МӘВг 
С <M CH4)5CHCH5CH5CH5OH 
H^ ^H 2. H90* MU TOS MTS 


4-Methyl-1-pentanol 


17.11 First, interpret the structure of the alcohol. This alcohol, 1-ethylcyclohexanol, is a tertiary 
alcohol that can be synthesized from a ketone. Only one combination of ketone and 
Grignard reagent is possible. 


О ОН 


1. CH3CH»MgBr CH2CH3 
E эъ 
2. H3O* 


17.12 Recall from Chapter 11 that -OH is a very poor leaving group in reactions run under 52 
conditions. A toluenesulfonate, however, is a very good leaving group, and reaction of the 
toluenesulfonate of the alcohol with “CN proceeds readily under 542 conditions to give the 
desired product with inversion of configuration at the chirality center. 


H CH3 н CHa 


OH „р-ТозС!,_ TosCl OTos 


“pyridine ^ - 


TON y нус, H 
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17.13 
(а OH CHaCHo CH H CH(CH3) 
| POCI, POR E ee = 
CH3CH3CHCH(CH3)2 “pyridine pro + а E 
H СНз НЗС H 
major minor 
Bee /СН(СНз)г 
+ C=C 
/ \ 
H H 
minor 


The major product has the more substituted double bond. 


(b) 6 H 
| g OH 
POCI 
————— 
pyridine 
mz CH3 
CH3 


3-Methylcyclohexene 


In E2 elimination, dehydration proceeds most readily when the two groups to be eliminated 
have an anti periplanar relationship. In this compound, the only hydrogen with the proper 
stereochemical relationship to the -OH group is at Сб. Thus, the non-Zaitsev product 3- 
methylcyclohexene is formed. 


(c) H 
| 40H 
РОСІЗ 
— 
2 pyridine 
|... CH CH 
H 3 3 


1-Methylcyclohexene 


Here, the hydrogen at C2 is trans to the hydroxyl group, and dehydration yields the 
Zaitsev product, 1-methylcyclohexene. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


414 Chapter 17 


(d) 
H3C [CHeCHg 
C=C 
/ \ 
H3C CH3 
2,3-Dimethyl-2-pentene 
HaC OH POCI% major 
ж TORG pyridine 
CH3 нас 
CH3CH „СНз 
с=с 
/ \ 
H3C H 
(Z)-3,4-Dimethyl-2-pentene 
minor 


i 
CH3CH H 
\ / 
+ C=C + 
/ \ 
CHCH H 


2-Ethyl-3-methyl-1-butene 
minor 


uc 
CH3CH H 
\ / 
+ C=C 
/ \ 
H3C СНз 


(E)-3,4-Dimethyl-2-pentene 
minor 


Four different products (including E,Z isomers) can result from dehydration of 2,3- 
dimethyl-2-pentanol. The major product has the most substituted double bond, according 
to Zaitsev's rule. 


2 OH CHCH СНз CH3 
| POCI3 N А / | "E 
vigeat nd “pyridine dumme + CH4CH5CH5C = СН» 
2-Methyl-2-pentene 2-Methyl-1-pentene 
major minor 


17.14 Aldehydes are synthesized from oxidation of primary alcohols, and ketones are 
synthesized from oxidation of secondary alcohols. 


(a) H OH O 
E | 
ANS, 
СНз CrO3 ~CHg 
—_—_ н —- 
H30* 
(D он CH3 
Periodinane 
CH3CHCH,OH | —— — —- CH3CHCHO 
CH5Cl; 
(c) OH 


O 
C^ s Or 
H30* 
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17.15 


Starting material CrO;, H30* Product Periodinane Product 
(a) CHgCH2CH5CH2CH3CH50H | CH3CHəCHəCHəCHCO2H | CH3CH2CHSCHSCH4,CHO 
(b) OH 
CH4CH;CH;CH;CHCH; ТЕШЛЕ ИТЕЛЕ 


(с) CH3CH5CH2CH5CH5CHO CH3CH5CH5CH5CH5CO5H no reaction 


17.16 


This is an 52 reaction in which the nucleophile F attacks silicon and displaces an 
alkoxide ion as leaving group. 


17.17 


CH 
3——AH—OPO3H> E 
CHJCcCcH, (А е2  (CH44C* +  "OPOgH; 


Phosphoric acid protonates 2-methylpropene, forming а tert-butyl carbocation. 


H С H cus 7 H 
(СНз)з 
(CH3)C* Н C(CH3)3 
F : Base 
CH3 


CH3 CH3 


The tert-butyl carbocation acts as an electrophile and alkylates p-cresol. Alkylation occurs 
ortho to ће -OH group for both steric and electronic reasons. 


H г H 7 H 
(CH3)C + (CH3)3C 
C(CH3)3 H C(CH3)3 (СНз)зС C(CH3)3 
+ 
Base 
CH3 L CH3 | CH3 
BHT 


A second tert-butyl carbocation alkylation forms BHT. 
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17.18 The infrared spectra of cholesterol and 5-cholestene-3-one each exhibit a unique absorption 
that makes it easy to distinguish between them. Cholesterol shows an —OH stretch at 3300- 
3600 ст, and 5-cholestene-3-one shows а C=O stretch at 1715 cm™!. In the oxidation of 
cholesterol to 5-cholestene-3-one, the -OH band disappears and is replaced by a C=O 
band. When oxidation is complete, no -OH absorption should be visible. 


17.19 Under conditions of slow exchange, the -OH signal of a tertiary alcohol (R3COH) is 
unsplit, the signal of a secondary alcohol (R2CHOH) is split into a doublet, and the signal 
of a primary alcohol (RCH2OH) is split into a triplet. 


(a) 2-Methyl-2-propanol is a tertiary alcohol; its -OH signal is unsplit. 

(b) Cyclohexanol is a secondary alcohol; its -OH absorption is a doublet. 

(c) Ethanol is a primary alcohol; its -OH signal appears as a triplet. 

(d) 2-Propanol is a secondary alcohol; its -OH absorption is split into a doublet. 
(e) Cholesterol is a secondary alcohol; its -OH absorption is split into a doublet. 
(f) 1-Methylcyclohexanol is a tertiary alcohol; its -OH signal is unsplit. 


Visualizing Chemistry 


17.20 
a b c 
© oh (b) © 
| НзС 
CHa AGHA: ндон ots 
А M 
H OH Ls ШӨН 


(R)-5-Methyl-3-hexanol cis-3-Methylcyclohexanol (S)-1-Cyclopentylethanol 


(b OH 
НЗС NO% 


4-Methyl-3-nitrophenol 


17.21 The reduction product is a racemic mixture. Reaction of the (S) enantiomer is shown. 


(a) 
TNI, (S)-5-Methyl-2-hexanol 
2. H90* 


О HO н 


@ | Na ol 5001, Dess-Martin | (iii) 


wa periodinane 


O H H Cl О 
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(b) H CH3 (Hs Нз 
Y; aqueous 


H3C C ————- Н.С С H C 
\ + 
H OH H CH3 
major minor 
B 


Br Br 
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(d) H CH3 H CHa 
; Dess-Martin 
HaC. „С m HaC.. „С 
Set periodinane “с^ 
A\ —————- Д 
H OH CHCl 
Br Br 
(e) H CH H CH H CH3 Br 
\, à Bra \; 3 Vv 3 
Rd FeBr3 кыы ^ UR UR 
A* 4\ A\ 
H OH H OH H OH 
Br 
Br Br Br 
17.23 
a 
id T? [ 1. NaBH 
CH3CHCH,CH,COCH; =т= по reaction 
2. HO 
0 ео CH3 
| I 1. LiAIH, 
CH4CHCH5CH5COCH;4 PEU A CH3CHCH5CH5CH5OH + HOCH; 
US 
(> we Нз oH 
CH3CHCHsCHsCOCH3 он. 2 ee ыл ыс. + HOCH; 
US 
CH2CH3 
17.24 
HaC H HaC H HC H 
— Ma od + 
CHaCH5~S `7 ? 2.нзо* снаонг“5 ^ G^ ?' CH4CH S "e $ 
О HO CHsCH3 CH3CH> OH 


(3RAS)-3,4-Di- 


(3S,4S)-3,4-Di- 
methyl-3-hexanol 


methyl-3-hexanol 


The product is a mixture of the (3R,4S) and (35,45) diastereomers. The diastereomers are 


formed in unequal amounts, and the product mixture is optically active. We can't predict 
which diastereomer will predominate. 
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Additional Problems 
Naming Alcohols 


17.25 
(a) CH3 (b) H (c) OH 


| 
HOCH2CH4CHCH2OH CHgCHCHCH2CHg x 
CH5CH5CHs3 E 
H 
HO 
2-Methyl-1,4-butanediol 3-Bthyl-2-hexanol cis-1,3-Cyclobutanediol 


NE CH3 
ап HU "UH 


cis-2-Methyl-4-cyclohepten-1l-ol  cis-3-Phenylcyclopentanol 2-Bromo-4-cyanophenol 


N=C Br 


or 
3-Bromo-4-hydroxy- 
benzonitrile 
17.26 None of these alcohols has multiple bonds or rings. 
OH ah 
CH3CH»CH,CH»CH»OH CH4CH2CH2CHCHg CH3CH5CHCH5CHs 
1-Pentanol 2-Pentanol 3-Pentanol 
i. id 
ж 
CHaCHÇHCH20H CHgCH2CCHs CHSCHCHCHs 
ж 
СНз СНз СНз 
2-Methyl-1-butanol 2-Methyl-2-butanol 3-Methyl-2-butanol 
libi 
HOCH2CH2CHCH3 CHSCCHOH 
CH3 CH3 


3-Methyl-1-butanol 2,2-Dimethyl-1-propanol 


2-Pentanol, 2-methyl-1-butanol and 3-methyl-2-butanol have chiral carbons (starred). 
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17.27 Primary alcohols react with CrO3 in aqueous acid to form carboxylic acids, secondary 
alcohols yield ketones, and tertiary alcohols are unreactive to oxidation. Of the eight 
alcohols in the previous problem, only 2-methyl-2-butanol is unreactive to CrO3 oxidation. 


CrO 
CH3CH»CH»CHsCHs0H гта CH3CH4CH4CH5CO2H 
Нз 
OH О 
СгОз II 
CH3CH2CH2CHCH3 pr CH3CH5CH5CCH5 
3 
OH 
| CrO4 
CH3CH5CHCH5CH;5 "Hit CH3CH5CCH5CH3 
Нз 
СтОз 
CH3 3 CH 
OH 
| СгОз 
H 
CHa CH3 
CrO4 
H 
CH3 x CH3 
CH3 CH3 
| CrO3 | 
GPSr "mr SH eat 
CHg 3 CHg 


17.28 


Bombykol  (10£,12Z)-10,12-Hexadecadien-1-ol 


CH&CH OH 
CH3 Carvacrol 5-Isopropyl-2-methylphenol 
CH3 
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Synthesizing Alcohols 


17.30 In some of these problems, different combinations of Grignard reagent and carbonyl 
compound are possible. Remember that aqueous acid is added to the initial Grignard 
adduct to yield the alcohol. 


a 
(a) CH3CHO + CH3CH>MgBr i 
or ж CH3CHCH2CH3 
CH3CH2CHO + CH3MgBr 2-Butanol 
(b) 


OH 
3-Pentanol 
(c) CH бнз 
С + CHO ——- C 
HC ^ MgBr 2 нс “снон 
2-Methyl-2-propen-1-ol 


(d) © | 
C. ( { MgBr 
` 
HO 
I ia [EE : 
C MgBr 
~OR 
+ 2 
Triphenylmethanol 
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CCH3 + 


Oh, 
O [ 


CH3MgBr 
> ——ж- 


+ 2 CH3MgBr 


MgBr + CH4CCH3 


2 


2-Phenyl-2-propanol 


MgBr СНОН 
3^ СОНО << CY 


17.31 
Alcohol Carbonyl precursor(s) 
(a) CH3 CH3 CHa 
онзснгснгонгСонгон онзснгонгонгсоно CHSCH4CH;CH;CCO;H 
CH3 CH3 CH3 
CH3 
CH&CH;CH;CH;CCOSR 
CH3 
(b) OH 
| 
(CH3)3CCHCH3 (CH3)3CCCH3 
) оң 
(cnr у 
17.32 
Grignard Reagent + Carbonyl Compound === Product (after 
(a) 5 dilute acid workup) 
|| 
CH3MgBr + CH4CCH3 
en о ———- (CH3)3COH 
2 CH3MgBr + CH3COR 
(b) ó OH 
CH2CH3 
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Grignard Reagent + Carbonyl Compound 


T 
CH3CH3MgBr + CH3CH5C < \ 


or 


T 
2 CH34CHo2MgBr + ROC < \ 


or O 


|| 
Е + CH34CH5CCH5CH3 


(c) 


(d) о ) 
CH3CH5CHo2MgBr + CH3C 
or О 
Д 
CH3MgBr + CH4CH5CH5C < \ > 
or о 
(y MgBr + CH34CH5CH5CCH;4 
(e) CH3MgBr 
ES НС =O 


H3C 


(f) "s 
CH3MgBr T CH2CCH3 


or 


Alcohols and Phenols 423 


= == Product (after 
dilute acid workup) 


ru 
> CH34CH5CCH5CH3 


T 
— — 95 CH3CH5CH5CCH3 
CH5CH2OH 
——————љ» 


H3C 


T ri 
2 CHSMgBr + O > — Corgon 
CH3 


or 


i 
SS. + CH3CCH3 
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17.33 All of these syntheses involve a Grignard reaction at some step. Both the carbonyl 
compound and the Grignard reagent must be prepared from alcohols. 


(a) PBra Mg 
CH3CH5OH —ÉÁ CH3CH>Br ТТР CH34CHo2MgBr 
H 
OH О О 
СтОз 1. CH4CH5MgBr CH2CH3 
— е 

H30* 2. H30 

(b) CH, CH3 СНз 


| PBr M 
ether 


Periodinane 


CHOH oic 


HC =O 
CH; CHs 


| 1.еїһөг 


TT Ud 
2. H40 


(c) Br MgBr 
Bro Mg 
FeBrg ether 
OH О 


| CrO 
CH3CH2CH2CHCHg —— > CH3CH>CH2CCH3 
H30 HO СНз 
\ 7 
MgBr i C 
ether > 
Арген сон = == M E EC 
2. H30 
(d) CH3 СНз О 
| Periodinane | | 
CH3CHCH,CH»OH —— —— — CH3CHCH>CH 
CH5Cl; 
CH, О СНз OH 
| II 1. ether | | 


CHgCHCH,CH + CHgCH»MgBr -=--> CH&CHCHZCHCH;CHs 
from (a) MES 
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Reactions of Alcohols 


17.34 


(a) 
CH3CH»CH»CH»CH,OH 


(b) 
CH4CH5CHSCH2CH5OH 


(c) 
CH4CH5CH5CH2CH5OH 


(d) 
CH3CH»CH»CH»CH,OH 


| CHoCH20H 


2-Phenylethanol 


CH5CH50H 
(c) 


(9 CH2CH2OH 


Aa 
Q 


PBr3 
— > 
8001 
—> 


СтОз 


——— 


H30* 


Periodinane 
————————ь» 


CHCl» 


POCI 
—————- 


pyridine 


Periodinane 
———— 
CH5Cl» 


CrO4 


— 


H30* 


KMnO, 
——- 
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CH34CH5CH5CH5CHoBr 
CH4CH5CH2CH5CH5CI 


CH3CH5CH5CH5CO5H 


CH3CH»CH2CHsCHO 


; .CH9CHO 


Phenylacetaldehyde 


^ .CH5COH 


Phenylacetic acid 


( „COH 


Benzoic acid 


CH2CH3 


< 


Ethylbenzene 


425 
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(0 CH=CH, CHO 
1. Оз 
—————rÓÁÓ»- 
2. Zn, НО" 
from (a) Benzaldehyde 
(g) a 
1. Hg(OAc)s, H20 
——_— 
2. NaBH, 
from (a) 1-Phenylethanol 
(h) CHCH5OH CHCHpBr 
РВгз 
— 


s 


1-Bromo-2-phenylethane 


17.36 
(a) QH " 
CHCH3 CCH3 
СтОз 
TS 
H30* 
1-Phenylethanol Acetophenone 
(b) он 
CHCH3 COH CH5OH 
KMnO, 1. LiAIHA 
——— агита 
H20 2. H40 
Benzyl alcohol 
(c) сон Вг сон 
Bro 
———- 
РеВгз 
from (b) m-Bromobenzoic acid 
(d) 


HC. НЗ 


С 
CY ^" CHs 


2-PhenyIl-2-propanol 


=O 


m 
[e] 
B 
As 
E 
Q 
© 
T 
wo 
юр 
a 
wo 
E 
Q 
UJ 
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17.37 


“939 
H H30* 


OH POCI 
TEPE 
H pyridine 
о 1. CH3MgBr 
2.НзО* 


from (а) 
(9) 
OH H30* 
——- 
CH3 
from (c) 


Des 
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1. ВНЗ, THF 
———————————_—№җ» 
2. H202, OH 


Remember that hydroboration proceeds with syn stereochemistry, and the -H and -OH 


added have a cis relationship. 


17.38 
(a) 
CH3 HBr 


(b) 
CH3 NaH 


CH3 
Br 


CH3 
O Na* 
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(c) 
CH3 H2S04 
—— 


CH 
OH $ 


(d) 
CH3 Na5CroO7 
————- 
OH 


no reaction 


Tertiary alcohols aren't oxidized by sodium dichromate. 


Mechanisms 


17.39 


н :OH ) н“он+ ^ Eee HO 


T UU | 3. 


H30* + НзС 


Step 1: Protonation. 
Step 2: Loss of H20. 
Step 3: Alkyl shift to form the tertiary carbocation. 


Step 4: Loss of H3O*. 
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17.40 This mechanism consists of the same steps as are seen in Problem 17.39. Two different 
alkyl shifts result in two different cycloalkenes. 


H3C СНз КУ 
Ol: OG 


| protonation of alcohol 
H3C СНз 7 
COOH, 


НС СНз // HaC CH 
j * loss of S Ё | 


+ Q, 
+ H20 + H20 


| two different 
alkyl shifts 


sort + o 
C 


| loss of Ht 
H3C MAU CH3 H3 
C 
* H30* b. HaO* 
Isopropylidenecyclopentane 1,2-Dimethylcyclohexene 
17.41 
Е 5 27 4 
| ни == Н ОН 
Ө H30* 
——Ó- 
T E CH 2 зн 
К СНз | CH3 
CM 


Step 1: 5342 reaction of Grignard reagent. 
Step 2: Protonation of alkoxide oxygen. 
The methyl group and the hydroxyl group have a trans relationship. 
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17.42 
CH 
\ ; CH3 
че IL 4 
{ 1. HO \ :OHo 
| 
Y) `2 " H3C CH 
Toa aC СНз 
| 2 
СНз CH3 CH3 CH3 
+ 
OH O 
© 
HO 2 es | e 
H ! H | :В 
H H 
нс CH HC Chg 
Step 1: Protonation. 
Step 2: Addition of H20. 
Step 3: Loss of H*. 
17.43 
| у e 
О С 1.NaBH4 нс. С HaGo C 
TOM ea Oe ET P CEA OG 
/\ З /\ IA 
HH HH HH 
Reaction of 2-butanone with NaBH; produces a racemic mixture of (R)-2-butanol and (5)- 
2-butanol. 
Spectroscopy 
17.44 
2.32 6 —» њо oso -— 2.43 6 
бек М] 
7.108, 7.178 4.5068 
p-Methylbenzyl alcohol 
17.45 
b 
(а) оно а= 0935 (0) онь а= 1425 
| 
снзсноснсньснз P= 142 ô снсн P= 2:43 
ab dba c= 1.835 ca c= 4.806 
3-Pentanol d= 3416 d= 7.328 
Tnm 


d 
1-Phenylethanol 
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17.46 1. CgHıg02 has no double bonds or rings, based on degree of unsaturation. 
. The IR band at 3350 cm’! shows the presence of a hydroxyl group. 

. The compound is symmetrical (simple NMR). 

. There is no splitting. 


СНз Сз = 1.24 8 
HOCCH2CHsCOH -— 1.95 ô 
| Nd | 
CH3 CH3 
1.56 8 
2,5-Dimethyl-2,5-hexanediol 


> оого 


17.47 
е d 
н. eee 
X = E 3-Methyl-3-buten-3-ol 
H CH2CH20H 
f c b a 


The peak absorbing at 1.76 è (3 Н) is due to the d protons. This peak, which occurs in 
the allylic region of the spectrum, is unsplit. 

The peak absorbing at 2.13 5 (1 H) is due to the -OH proton a. 

The peak absorbing at 2.30 5 (2 H) is due to protons c. The peak is a triplet because of 
splitting by the adjacent b protons. 

The peak absorbing at 3.72 6 (2 H) is due to the b protons. The adjacent oxygen causes 
the peak to be downfield, and the adjacent -CH»- group splits the peak into a triplet. 

The peaks at 4.79 à and 4.85 ô (2 Н) are due to protons e and f. 


17.48 (a) C5Hj20. САН О», C35H405 
(b) The H NMR data show that the compound has twelve protons. 
(c) The IR absorption at 3600 стг! shows that the compound is an alcohol. 
(d) The compound contains five carbons, two of which are identical. 
(e) CsH120 is the molecular formula of the compound. 


(f), (g) 
m. a= 0.98 
| b= 1.08 
AER аА e= (2% 2-Methyl-2-butanol 
с а 
c 
17.49 
с 
OH 
a= 1.416 
CH3)4C C(CH 
9s Оз  p.2248 
c= 5.008 
d d 
d= 6.9768 
CH3 
b 
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General Problems 


17.50 In these compounds you want to reduce some, but not all, of the functional groups 
present. To do this, choose the correct reducing agent. 


(a) ху. COH COH 
Hp 
————— 
Pd/C 


Нә with a palladium catalyst hydrogenates carbon-carbon double bonds without affecting 
carbonyl double bonds. 


(0) ху -COH as 2 СНОН 
1. LiAIH, 
— 
2. H30* 


LiAIH,4 reduces carbonyl groups without affecting carbon-carbon double bonds. 


Cc 
(©) an 2 СНОН a -CHBr 
E РВгз Cy ~ 
—— 


(from b) | NaSH 


17.51 
О О 
2 heat 
+ ———————À 
uM 
О О 
О О 
^_^ "SS heat 
+ + — 
SX ZA 
О О 
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17.52 Remember that electron-withdrawing groups stabilize phenoxide anions and increase 
acidity. Electron-donating groups decrease phenol acidity. 
Least acidic | ——————————————————————————»- Most acidic 
OH OH OH OH 
CH30 F N=C 
electron- electron- electron- 
donating withdrawing withdrawing 
group by inductive by resonance 
effect 
17.53 
+ Cl y  :Base 
m s | 
О H = | — + 
ee L E 2 ERIS DE 
+N7CL :0 + °C Ре 
Snail \`н | cr Мы uM 
H H J А. 
ы :Base 
Step 1: 542 substitution. 
Step 2: E2 elimination. 
17.54 
нас Н наси 
С. „сні 1.CHgMgBr С „Ону (S)-2,3-Dimethyl- 
еи 3 ————É— Pull. P a 3 Й y 
CH3CH2°S C 2. HO* CH3CH2* 5 Pos 2-pentanol 


Despite this problem's resemblance to Problem 17.24, the stereochemical outcome is 
different. Addition of methylmagnesium bromide to the carbonyl group doesn't produce a 
new chirality center and doesn't affect the chirality center already present. The product is 
pure (S)-2,3-dimethyl-2-pentanol, which is optically active. 
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17.55 


Step 1: Protonation. 
Step 2: Loss of H20. 
Step 3: Alkyl shift. 
Step 4: Loss of H*. 


This is a carbocation rearrangement involving the shift of an alkyl group. The sequence of 
steps is the same as those seen in Problems 17.40 and 17.41. 
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17.56 


(a) 
1. H5, Pd 
CrOs, H40* 2. LiAIH4 
Ó 3. H9O* 
О OH 
HaC Testosterone HC 
(b) (с) 
1. LiAIH4 
2. H30* ! 
H H 


HO 


All of these transformations require the proper sequence of oxidations and reductions. In 
(d), NaBH; can also be used for reduction. 


17.57 A phenoxide anion is stabilized by the electron-withdrawing resonance effect of a p-nitro 
group. Methyl groups ortho to the phenol have no effect on acidity, but the methyl groups 
that flank the nitro group of the 3,5-isomer force the nitro group out of planarity with the 
ring and reduce orbital overlap with the z orbitals of the ring. The resonance stabilization 


of the nitro group is reduced, and the pK; of the phenol becomes higher, indicating lower 
acidity. 


OH 2—4 | 
H5SO4 | 
— 


17.58 


B major 
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17.59 (a) Compound A has one double bond or ring. 

(b) The infrared absorption at 3400 cm’! indicates the presence of an alcohol. The weak 

absorption at 1640 стг! is due to a C=C stretch. 

(c) (1) The absorptions at 1.63 5 and 1.70 6 are due to unsplit methyl protons. Because the 
absorptions are shifted slightly downfield, the protons are adjacent to an 
unsaturated center. 

(2) The broad singlet at 3.83 à is due to an alcohol proton. 
(3) The doublet at 4.15 5 is due to two protons bonded to a carbon bearing an 
electronegative atom (oxygen, in this case). 
(4) The proton absorbing at 5.70 815 a vinylic proton. 
(d) 
нс CHOH 


C= a 3-Methyl-2-buten- 1-01 


17.60 


POCI, р ee ete с POCI H 
< = 
ee pyridine So. pyridine \ 7 
(syn elimination) HC H (anti elimination) Ке 


1-Methylcyclopentene trans-2-Methylcyclopentanol 3-Methylcyclopentene 
The more stable dehydration product is 1-methylcyclopentene, which can be formed only 
via syn elimination. The major product of anti elimination is 3-methylcyclopentene. Since 
this product predominates, the requirement of anti periplanar geometry must be more 
important than formation of the more stable product. 


H3C 


17.61 The pinacol rearrangement follows a sequence of steps similar to other rearrangements we 
have studied in this chapter. The second hydroxyl group assists in the alkyl shift. 


Le но 
ГӘ "ү? zs is . ks 2 Ж 
НО :OH HO :OH HO: CH 
z d em 2 zi 2 4 T 3 
— — — = 
Hg" ACH “Жү | He ACh * нс”, М 
H3C CH3 H3C CH3 E H3C CH3 
Pinacol | 
HO: N А 
о CH3 H—O: Ch 
H4O* T К Ж, - Йй б ze 
3 / v. CH3 4 / СНз 
H3C CH3 : H3C CH3 


Pinacolone 


Step 1: Protonation. 
Step 2: Loss of H20. 
Step 3: Alkyl shift. 
Step 4: Loss of H*. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


Alcohols and Phenols 437 


17.62 The hydroxyl group is axial in the cis isomer, which is expected to oxidize faster than the 
trans isomer. (Remember that the bulky tert-butyl group is always equatorial in the more 
stable isomer.) 


OH 
——- 
(CH3)3C H3O* 
cis-A-tert-Butylcyclohexanol faster 
(CH3)4C 
CH3)3C SIT 
(СНз)з H3o* 


trans-A-tert-Butylcyclohexanol slower 
17.63 


1. LIAIH, 
O Saat 
2.H30 
| мо, ether 
H5SO4 1. Cyclohexanone 
-—— — — => — — —— MgBr 
2. НзО? 


Bicyclohexylidene 


17.64 An alcohol adds to an aldehyde by a mechanism that we will study in a later chapter. The 
hydroxyl group of the addition intermediate undergoes oxidation (as shown in Section 
17.7), and an ester is formed. 


CHaCH2OH 
tog ~Ox3Cr Е 
с Соз oi, у Оа: 
Pd ud a Za N 
CH34CH5O "ch, CH4CH5O Ych, :Base elimination CH34CH5O 2508 
or enantiomer Е + СтОз 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


438 Chapter 17 


O OH Br 
Oo ——— OO 


OH 


17.65 


(а) NaBH4, then H3O* (b) PBr3 (c) Mg, ether, then CH2O (d) Dess—Martin periodinane, 
СН»С1› (e) CcH5CH2MgBr, then НзО” (f) РОС, pyridine 


17.66 
: Base NAD —H * NAD* 


M 


—0: 0 H . H 
ў СНОН ; м К CH5OH B ў СНОН 
T num о —- "s О => Ho 9 
HO HO HO 
OH OH OH 
UDP 


DP 
UDP-Galactose к UDP-Glucose HUE 


Step 1: Base deprotonates the C4 hydroxyl group while NAD* oxidizes the alcohol to a 
ketone. 

Step 2: When the ketone is reduced by the NADH formed in Step 1, the configuration at 
the starred carbon is inverted, and UDP-glucose is formed. 


17.67 
(a) (b) 
on с а= 0.88 ô CHOH а= 2.605 
E с а = 
CHCH,CH, 0 = in c= es 
d b a c= 2.326 c= 4556 
CH30 А 
а = 4.54 b d,e d- 6.856 
—— e= 7.24% e= 7.238 
e 
]-Phenyl-1-propanol p-Methoxybenzyl alcohol 
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17.68 
Structural formula: CgH100 contains 4 multiple bonds and/or rings. 


Infrared: The broad band at 3500 cm’! indicates a hydroxyl group. The absorptions at 
1500 cm‘! and 1600 cm! are due to an aromatic ring. The absorption at 830 стг! shows 
that the ring is p-disubstituted. Compound A is probably a phenol. 


1H NMR: The triplet at 1.16 à (3 H) is coupled with the quartet at 2.55 6 (2 H). These two 
absorptions are due to an ethyl group. 


The peaks at 6.74 8-7.02 è (4 Н) are due to aromatic ring protons. The symmetrical 
splitting pattern of these peaks indicate that the aromatic ring is p-disubstituted. 
The singlet absorption at 5.50 6 (1 H) is due to an -OH proton. 


Compound A 


p-Ethylphenol 


17.69 
Aus + H20 
сө: 10: £N HO (СМ 
a © ee —— 
жы x T os GUN 


Step 1: The nucleophile CN adds to the positively polarized carbonyl carbon. 
Step 2: The tetrahedral intermediate is protonated to give the addition product. 


Нз qo OCHs 
—— + I 


The reaction is an 532 displacement of iodide by phenoxide ion. 


17.70 


20:7 7-4 
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Chapter 18 – Ethers and Epoxides; 


Thiols and Sulfides 


Chapter Outline 


I. Acyclic ethers (Sections 18.1—18.4). 
A. Naming ethers (Section 18.1). 
1. Ethers with no other functional groups are named by citing the two organic 
substituents and adding the word "ether". 
2. When other functional groups are present, the ether is an alkoxy substituent. 
B. Properties of ethers. 
1. Ethers have the same geometry as water and alcohols. 
2. Ethers have a small dipole moment that causes a slight boiling point elevation. 
3. Ethers can react slowly with oxygen to give explosive peroxides. 
C. Synthesis of ethers (Section 18.2). 
1. Symmetrical ethers can be synthesized by acid-catalyzed dehydration of alcohols. 
i. This method is used only with primary alcohols. 
2. Williamson ether synthesis. 
a. Metal alkoxides react with primary alkyl halides and tosylates to form ethers. 
b. The alkoxides are prepared by reacting an alcohol with a strong base, such as 
NaH. 
i. Reaction of the free alcohol with the halide can also be achieved with Ag20. 
c. The reaction occurs via an SN2 mechanism. 

i. The halide component must be primary. 

ii. In cases where one ether component is hindered, the ether should be 
synthesized from the alkoxide of the more hindered reagent and the halide of 
the less hindered reagent. 

3. Alkoxymercuration of alkenes. 
a. Ethers can be formed from the reaction of alcohols with alkenes. 
b. The reaction is carried out in the presence of mercuric trifluoroacetate. 
c. The mechanism is similar to that for hydration of alkenes. 

i. М№аВнНд 1 used for demercuration of the intermediate. 

d. Many different types of ethers can be prepared by this method. 
D. Reactions of ethers (Sections 18.3-18.4). 
1. Ethers are relatively unreactive and often used as solvents. 
2. Acidic cleavage (Section 18.3). 
a. Strong acids can be used to cleave ethers. 
b. Cleavage can occur by 532 or 531 routes. 
1. Primary and secondary alcohols react by ап Sy2 mechanism, in which the 
halide attacks the ether at the less hindered site. 
(a). This route selectively produces one halide and one alcohol. 
ii. Tertiary, benzylic, and allylic ethers react by either an 51 or an ЕІ route. 
3. Claisen rearrangement (Section 18.4). 
a. The Claisen rearrangement is specific to allyl aryl ethers or aryl vinyl ethers. 
b. The result of Claisen rearrangement is an o-allyl phenol. 
c. Thereaction takes place in a single step by a pericyclic mechanism. 
i. Inversion of the allyl group is evidence for this mechanism. 
II. Cyclic ethers (Sections 18.5-18.7). 
A. Epoxides (oxiranes) (Sections 18.5—18.6). 
1. The three-membered ring of epoxides gives them unique chemical reactivity 
(Section 18.5). 
2. The nonsystematic name —ene oxide describes the method of formation. 
3. The systematic prefix epoxy- describes the location of the epoxide ring. 
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4. Preparation of epoxides. 
a. Epoxides can be prepared by reaction of an alkene with a peroxyacid RCO3H. 


i. 


The reaction occurs in one step with syn stereochemistry. 


b. Epoxides are formed when halohydrins are treated with base. 


1. 


This reaction is an intramolecular Williamson ether synthesis. 


5. Ring-opening reactions of epoxides (Section 18.6). 
a. Acid-catalyzed ring opening. 


1. 
ll. 


Ш. 


Acid-catalyzed ring opening produces 1,2 diols. 

Ring opening takes place by back-side attack of a nucleophile on the 
protonated epoxide ring. 

(a). A trans-1,2-diol is formed from an epoxycycloalkane. 

(b). If HX is used, the product is a trans halohydrin. 

When both epoxide carbons are primary or secondary, attack occurs 
primarily at the less hindered site. 


. When one epoxide carbon is tertiary, attack occurs at the more highly 


substituted site. 

The mechanism is midway between Sy2 and Sy1 routes. 

(a). The reaction occurs by back-side attack (532), but positive charge is 
stabilized by a tertiary carbocation-like transition state (51). 


b. Base-catalyzed ring-opening. 


1. 


ll. 


ii. 


Base-catalyzed ring opening occurs because of the reactivity of the strained 

epoxide ring. 

Ring-opening takes place by ап SN2 mechanism, in which the nucleophile 

attacks the less hindered epoxide carbon. 

Other nucleophiles can bring about ring opening. 

(a). Epoxides react with Grignard reagents to form a product with two more 
carbons than the starting alkyl halide. 

(b).Epoxide rings also react with amines in a ring-opening reaction. 


B. Crown ethers (Section 18.7). 
Crown ethers are large cyclic ethers. 
Crown ethers are named as x-crown-y, where x = the ring size and y = # of 
oxygens. 
Crown ethers are able to solvate metal cations. 
a. Different sized crown ethers solvate different cations. 
b. Complexes of crown ethers with ionic salts are soluble in organic solvents. 
c. This solubility allows many reactions to be carried out under aprotic conditions. 
d. The reactivity of many anions in Sy2 reactions is enhanced by crown ethers. 
IV. Thiols and sulfides (Section 18.8). 

A. Naming thiols and sulfides. 


LN 
2. 


3: 


1. Thiols (sulfur analogs of alcohols) are named by the same system as alcohols, with 
the suffix -thiol replacing -ol. 
a. The -SH group is a mercapto- group. 

2. Sulfides (sulfur analogs of ethers) are named by the same system as ethers, with 
sulfide replacing ether. 
a. The -SR group is an alkylthio- group. 

B. Thiols. 
1. Thiols stink! 


2. Thiols may be prepared by Sy2 displacement with a sulfur nucleophile. 

a. The reaction may proceed to form sulfides. 

b. Better yields occur when thiourea is used. 

3. Thiols can be oxidized by Br» or р to yield disulfides, RSSR. 

a. The reaction can be reversed by treatment with zinc and acid. 

b. The thiol-disulfide interconversion is an important biochemical interconversion. 
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C. Sulfides. 
1. Treatment of a thiol with base yields a thiolate anion, which can react with an alkyl 
halide to form a sulfide. 
2. Thiolate anions are excellent nucleophiles. 
3. Dialkyl sulfides can react with alkyl halides to form trialkylsulfonium salts, which 
are also good alkylating agents. 
a. Many biochemical reactions use trialkylsulfonium groups as alkylating agents. 
4. Sulfides are easily oxidized to sulfoxides (R2SO) and sulfones (R2SO;). 
a. Dimethyl sulfoxide is used as a polar aprotic solvent. 
III. Spectroscopy of ethers (Section 18.9). 
A. IR spectroscopy. 
1. Ethers are difficult to identify by IR spectroscopy because many other absorptions 
occur at 1050-1150 cm !, where ethers absorb. 
B. NMR spectroscopy. 
1. ІН NMR spectroscopy. 
a. Hydrogens on a carbon next to an ether oxygen absorb downfield (3.44.5 8). 
b. Hydrogens on a carbon next to an epoxide oxygen absorb at a slightly higher 
field (2.5-3.5 6). 
2. PC NMR spectroscopy. 
a. Ether carbons absorb downfield (50—80 8). 


Solutions to Problems 


18.1 Ethers can be named either as alkoxy-substituted compounds or by citing the two groups 
bonded to oxygen, followed by the word "ether". 


(a) cs оне (b) (c) OCH, 
Br 
Diisopropyl ether Propoxycyclopentane p-Bromoanisole 
or or 


Cyclopentyl propyl ether p-Bromomethoxybenzene 


(d) GERE CETT (f 
CH3CHCH2OCH5CH3 H5C = CHCH50CH —OCHo 
1-Methoxycyclohexene Ethyl isobutyl ether Allyl vinyl ether 


18.2 Тһе first step of the dehydration mechanism is protonation of an alcohol. Water is then 
displaced by another molecule of alcohol to form an ether. If two different alcohols are 
present, either one can be protonated and either one can displace water, yielding a mixture 
of products. 

If this procedure were used with ethanol and 1-propanol, the products would be diethyl 
ether, ethyl propyl ether, and dipropyl ether. If there were equimolar amounts of the 
alcohols, and if they were of equal reactivity, the product ratio would be diethyl ether : 
ethyl propyl ether : dipropyl ether = 1:2:1. 
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18.3 Remember that the halide in the Williamson ether synthesis should be primary or methyl, 
in order to avoid competing elimination reactions. The alkoxide anions shown are formed 
by treating the corresponding alcohols with NaH. 


(a 
CH3CH5CH50 © * CH3Br 
Or P — — - СН:СНСН,ОСНз + Br 
CHSCH;CHo9Br + CH 
Ed : Methyl propyl ether 
(b) 
C TT + СНзВг — y C jo + Br 
Methyl phenyl ether 
(Anisole) 
c 
©) CHa СНз 
CH3CHO ~ + CH3Br = а= CH3CHOCH52 * Br 
Benzyl isopropyl ether 
(d) 


i ii 
Shape: + CH3CHoBr I———— cheer SUUS * Br 
CH3 CH3 
Ethyl 2,2-dimethylpropyl ether 
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18.4 
E HOCH CH, a :Ваѕе _ 
EE. HE 9f CHCH 
vim dace us Hg CH3 
CF4COO ^ "осоо, OCOCF; OCOCF; | 


H^. OCH;CHs кыз H~ 0CH2CH, 
< 


H CH3 9 СНз 
]-Ethoxy-1-methylcyclopentane OCOCF3 


The reaction mechanism of alkoxymercuration/demercuration of an alkene is similar to 
other electrophilic additions we have studied. First, the cyclopentene z electrons attack 
Hg?* with formation of a mercurinium ion. Next, the nucleophilic alcohol displaces 
mercury. Markovnikov addition occurs because the carbon bearing the methyl group is 
better able to stabilize the partial positive charge arising from cleavage of the carbon- 
mercury bond. The ethoxyl and mercuric groups are trans to each other. Finally, removal 
of mercury by NaBH; by a mechanism that is not fully understood results in the formation 
of 1-ethoxy-1-methylcyclopentane. 


18.5 Use the Williamson synthesis when one of the ether components can be a primary or 
benzylic halide. Use alkoxymercuration when one or both components are branched. 


(a) Either method of synthesis is appropriate. 


Williamson: 
OH О Na* OCH2CH5CH35CHs3 
NaH BrCHoCH5CH5CH5 + NaBr 
+ Hə 
Butyl cyclohexyl ether 
Alkoxymercuration: 
OCH2CH2CH2CH3 


1. (CF3CO5)5Hg, НОСН»СН»СН»СН3 
————————————— 
2. NaBH4 
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(b) Either method is possible, but the Williamson synthesis is simpler. 


CH5OH CH5O Na* CH5OCH5CHs 
NaH CH3CHoBr 
LÀ — > + NaBr 
Ho 
Benzyl ethyl ether 


(c) Use alkoxymercuration because both parts of the ether are branched. 


OH 
CH | CH 
1. (CF4CO5)5Hg, CH4CHCHSCH 
CH3C=CH9 БОША COE (CH3)3COCHCH2CH3 
2. NaBH, 


sec-Butyl tert-butyl ether 


(d) The Williamson synthesis must be used. 


НС — CH9 НС — CH9 НС —CHo 
5. 3 NaH E MED 
i. RES Hos Gha 7 HORS AVE. ав 
Br HO Br СО Nat Е 
Tetrahydrofuran 
+ Ho 


The compounds most reactive in the Williamson ether synthesis are also most reactive in 
any 52 reaction (review Chapter 11 if necessary). 


Most reactive | — ———————————» Least reactive 


(a) 
Br 
| Br 
primary secondary aryl halide 
halide halide (not reactive) 
(b) 


CH3CHeBr > СНзСН»С! >> CH3CH =CHI 


better poorer vinylic 
leaving group leaving group (not reactive) 
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18.7 (a) First, notice the substitution pattern of the ether. Bonded to the ether oxygen are а 
primary alkyl group and a tertiary alkyl group. When one group is tertiary, cleavage occurs 
by ап 531 or El route to give either an alkene or a tertiary halide and a primary alcohol. 


CH 
ARTO 
9 HBr Br 
+ + CH3OH 


tertiary methyl 


(b) In this problem, the groups are primary and secondary alkyl groups. Вг attacks at the 
less hindered primary group, and oxygen remains with the secondary group, to give a 
secondary alcohol. 
lig li 
HB 
CHgCH»CH—O—CHyCH2CH3 ——— CHgCH»CHOH + Br—CHeCHaCHs 


\ ! 


secondary primary 


18.8 
H3C CH, Наб: -6Hs Heg uet OMS frigo oc Cha 
С -C MA Ct | 
Hae `o нс“ ( 70 CH» CH2 
\ ur Hx | Но, 4 
М; H xd 
+ xX + HX 
HO 
The first step of acid-catalyzed ether cleavage is protonation of the ether oxygen to give an 
intermediate oxonium ion, which collapses to form an alcohol and a tertiary carbocation. 
The carbocation then loses a proton to form an alkene, 2-methylpropene. This is an 
example of E1 elimination. The acid used for cleavage is often trifluoroacetic acid. 
18.9 
Ro. R = | -Ro.GRO|——- R—X + HO-R’ 
О Н —X 0+ 
7 U Te 
DX 


HX first protonates the oxygen atom, and halide then brings about a nucleophilic 
displacement to form an alcohol and an organic halide. The better the nucleophile, the more 
effective the displacement. Since I and Вг are better nucleophiles than СГ, ether cleavage 
proceeds more smoothly with HI or HBr than with НС]. 
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18.10 Draw the ether with the groups involved in the rearrangement positioned as they will 
appear in the product. Six bonds will either be broken or formed in the product ; they are 
shown as dashed lines in the transition state. Redraw the bonds to arrive at the intermediate 
enone, which rearranges to the more stable phenol. 


r HH ] | HH ] 
zs n p t jt E i 
C Н C 
0^ "C Q^ “NCH “сн OH "CH 

j| so i o] = H | == | 

CHCH3 M 2 CHCH3 CHCH3 CHCH3 
2-Butenyl transition state intermediate o-(1-Methyl- 
phenyl ether allyl) phenol 


18.11 Epoxidation by use of m-chloroperoxybenzoic acid (RCO3H) is a syn addition of oxygen 
to a double bond. The original bond stereochemistry is retained, and the product is a meso 


compound. 
О 
H.. ,.H RCO3H R/\ Ss 
„С=С З 
H3C CH3 4 № 
H3C CH3 
cis-2-Butene cis-2,3-Epoxybutane 


In the epoxide product, as in the alkene starting material, the methyl groups are cis. 


O O 
кашык T (HOM опон. а. во 8 
нс Nu НУ СНз" АЛЫС ^H 
НЗС H H CH3 
trans-2-Butene trans-2,3-Epoxybutane 


Reaction of trans-2-butene with m-chloroperoxybenzoic acid yields trans-2,3- 
epoxybutane. A mixture of enantiomers is formed because the peroxyacid can attack either 
the top or bottom of the double bond. 
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18.12 As discussed in this section, acid-catalyzed epoxide ring opening occurs primarily at the 
more hindered carbon if one of the epoxide carbons is tertiary. In both parts of this 
problem, one epoxide carbon is tertiary. 


(a) OH 
О 
Cl 
CH3 HCI 
x CH3 ether H3C CH3 
tertiary major 
(b) O CI 
HCI CH 20H 
———_> 
jd ether 
tertiary major 


18.13 Notice the relationship of the hydroxyl groups in the two diols. In diol (a), the two 
hydroxyls are cis, and in (b) they are trans. Since ring-opening of epoxides forms trans - 
1,2-diols, only diol (b) can be formed by this route. The cis-1,2-diol in (a), results from 
treatment of 1-methylcyclohexene with OsO,. The enantiomers of the diols are also 


formed. 
CH3 Ha 
(a) 1. OsO,, pyridine OH 
a —————————————- 
2. NaHSO3, H20 : OH 
H 
| RCO3H 
CHg OH 
H3O* СНз 
О Or 
— OH 
H H 


18.14 (a) Attack of the basic nucleophile occurs at the less substituted epoxide carbon. 


О OH 
^ /CPRCHS мавон | „сн CH H20 18 | 
нс —C. a] НСС 27 3 | ——- н OCH;CCH;CHs 
CH3 H2 O вон СНз m 
E 3 
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(b) Under acidic conditions, ring-opening occurs at the more substituted epoxide carbon 
when one of the carbons is tertiary. 


18 
OH 
fX „CHCH; нуво* 
>  HOCH;CCH;CHs 


CH3 


(c) Addition of a Grignard reagent takes place at the less substituted epoxide carbon. 


CH4 OH 
Fo. A /CHeCH3 т. CgHsMgBr 3 
Cs — CH —CCH»CH 
и Nn 2. НО | 
3 CH3 
18.15 
LI / \ a 
О: О / N 
`N 2 Q^ „O 
d Na ES i ma 
О | "os 5 NS 
x xo О. 
О Nc / 
15-Crown-5 12-Crown-4 


Bases on ionic radii, the ion-to-oxygen distance in 15-crown-5 is about 40% longer than 
the ion-to-oxygen distance in 12-crown-4. 


18.16 Thiols are named by the same rules as alcohols, with the suffix -ol replaced by the suffix - 
thiol. Sulfides are named by the same rules as ethers, with "sulfide" replacing "ether". 


(а) CHg (>) ous cà © en 

CH,CH,CHSH CH,GCH,CHCH,CHOH, ed 

CH3 
2-Butanethiol 2,2,6-Trimethyl- 2-Cyclopentene-1-thiol 
4-heptanethiol 

(d) CH; (e) SCH (f) О 

CH, CHSCH;CHs 

SCH3 

Ethyl isopropyl! sulfide o-(Dimethylthio)benzene SCHsCH3 


3-(Ethylthio)cyclohexanone 
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18.17 Thiourea is used to prepare thiols from alkyl halides. 


1. LiAIH4 
—————- 


| PBr 
CH3CH =CHCOCH3 CH3CH-—CHCH;OH — 2> CH4CH —CHCHBr 


2. H30* 
Methyl 2-butenoate 1. (HaN)2C-S 
2."OH, НО 
HBr 1. (HoN)oC=S 
2. OH, H2O 
1,3-Butadiene 2-Butene-1-thiol 
18.18 
/N a= 1.0% 
CH34CH5C — C — 
59 be N ae b= 156 
H н се с= 2.98 
1,2-Epoxybutane d,e = 2.5 8, 2.78 
Visualizing Chemistry 
18.19 
(a) (b) О 
/N 
OCH5CHg Hac" SCH, 
H 
H3C Br 
cis-1-Ethoxy-3-methylcyclohexane E-2-(o-Bromophenyl)-2,3-epoxybutane 
(c) 
ae 
4 ` 
H SH 


(S)-1-Cyclopentylethanethiol 


18.20 Ring-opening occurs at the tertiary carbon to give carbocation-like stability to the transition 
state. Bromine approaches 180? from the C-OH bond, as it would in an Sy2 reaction. 


= òt 2 
е DH. HO CgHs 
R 20 ' 4 CH 
..C—C.. —- --C—C ~ —> Q4,--0—C^"7'3 
H 4 iN CgHs5 H 4 № CgHs5 H Sw 
H3C CH3 H3C CH3 H3C Br 
87 
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18.21 The Grignard reagent attacks the epoxide at the less hindered carbon in an Sy? reaction. 
The oxygen remains bonded to the tertiary carbon. 


secondary 
\ H S CH3 
® 1. CHgMgBr, ether H 
———ÀÉ————- 
E 2. H30* e OH 
^ CH3 CH3 
tertiary 


18.22 A molecular model shows that approach to the upper face of the double bond is hindered 
by a methyl group. Reaction with RCO3H occurs at the lower face of the double bond to 
produce epoxide A. 


HaC CH 


3 H3C CH3 
hindered 
s H 
RCO3H 
—— > H 
| 
A O 


In the reaction of Br; and НО, the intermediate bromonium ion also forms at the lower 
face. Reaction with water yields a bromohydrin which, when treated with base, forms 


epoxide B. 
Нас. „СНз нс -CH | HaC., „СНз 
: OH» 
H OH 
Bro 
—— H = H 
H20 | H 
Br and other 
= + s pr bromohydrin 


| NaH enantiomer 


H3C CH3 Е 
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Additional Problems 


Naming Ethers 
18.23 


a 
» CHaCHs 


CH3CH2OCHCH2CH3 


Ethyl 1-ethylpropyl ether 


(c) 


CH30 COH 


CHO 


3,4-Dimethoxybenzoic acid 


18.24 


(a) yy 


Cyclohexyl isopropyl sulfide o-Dimethoxybenzene 


2-Methyltetrahydrofuran 


(g) сн сн 
CHgCHaCHCHCHSCHCHs 
СНз СНз 


2-(Isopropylthio)-3,4- 
dimethylhexane 
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Cyclopropyl isopropyl ether 


(b) 
pO 


Di(p-chlorophenyl) ether 


(d) ©) 
жс» 


Cyclopentyloxycyclohexane 


OH 
OCH3 


CH5CH = CHo 
4-Allyl-2-methoxyphenol 
(c) 


(pe 


1,2-Epoxycyclopentane 


b 
(0) OCH3 
б a 


(e) (f) 


CHg SH 
CHgCH —0—« | 
NO» 


o-Nitrobenzenethiol 
or 


Isopropoxycyclopropane 


h 1 
ш OCH, © SCH3 
кра SCH3 
OCH, 


2,2-Dimethoxypropane 1,1-(Dimethylthio)- 


cyclohexane 
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Synthesizing Ethers 


18.25 


(a) сыен 
OH O Na On 
————- —————— — 


(b) О 


N 
1. CgHgOH, Hg(OCOCF3)2 CH(CH3)2 
CH3CH = СН» 2 NaBH, 77700 9 NaBH4 


[RCO3H = meta-Chloroperoxybenzoic acid] 


5 1. Hg(OCOCF3)o, (CH3)2C=CH f Cras 
OH — 32 3/2 2 O 
2. NaBH4 


(e) А А 
LO OH La 0CHs 


RCO3H _OCHg 1. NaH 
HOCH; 2. CHI 
\ H | 4H 
OCH3 OCH3 
+ enantiomer + enantiomer 


©) H H 
a OH ! a OCH3 


1. BD 1. NaH 
2. H202, OH ~p O08 T 
H H 
+ enantiomer + enantiomer 
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18.26 
(0 o Na* OCH, 
CHCH, CHCH, CHCH 
еу“ Ман. Ur. CH3Br CY 
* NaBr 
Methyl 1-phenylethyl ether 
(b) он 
СНСНЗ CH=CH, Us i 
_POCh — _RCO3H 
‘pyridine _ 
Styrene Phenylepoxyethane 
©) он QC(CH3s 
CHCH% CHCH, 
1. ЛЕНОЮСОСЕ ga (e iae Нах. (CH3) oC — СН» 
2. NaBH, = ` 
tert-Butyl 1-phenylethyl ether 
(d) oH M 
CHCH3 н онсн, 
РВгз 1. (H2N)2C=S оС= S 
2. он, нњо 
1-Phenylethanethiol 
18.27 


CHa CH CH3 CH3 
CH;C=CH, == |CH3CCH => CHaÇCH3 | == Снзсснз 
~> H—A s „В 79р О 
(я E u^ 
Lg oe 


>R 


: Base 


Step 1: Protonation. 
Step 2: Attack of alcohol oxygen on carbocation. 
Step 3: Loss of proton. 


Notice that this reaction is the reverse of acid-catalyzed cleavage of a tertiary ether 
(Problem 18.8). 
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18.28 


ring 

= 

OH flip 

H L Cl 
trans-2-Chlorocyclohexanol 


Cl 


1,2-Epoxycyclohexane 


HOH 

OH чн 
ш же eec 
аә 


cis-2-Chlorocyclohexanol enol Cyclohexanone 


N 


In the trans isomer, the -OH and —С1 are in the trans orientation that allows epoxide 
formation to occur as described in Section 18.5. Epoxidation can't occur for the cis 
isomer, however. Instead, the base OH brings about E2 elimination, producing an enol, 
which tautomerizes to cyclohexanone. 


Reactions of Ethers and Epoxides 


18.29 
(a) OCH2CH3 OH 
al + CHgCHol 
H20 
(b) 
OC(CH3)3 OH (Hs 
CF3COsH | „су 
H3C СН» 
(с) г OH 7 
HI | II 
H5C =CHOCH2CH3 "Hao CHaCHeI * HC — CH < CH3CH 
2 L uj 
enol 


The enol tautomerizes to an aldehyde. 
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(d) 
(CH3)3CCH2OCH2CH3 m (CH3)3CCH5OH + CH3CHoI 
2 
18.30 
(a) О 
N 
E 
2. NaBH4 
(b) OCH, OH H 
“H HI "^H PBrg ~~Br 
H3C . H0 H3C . — НС . 
H H  *CHgl H 
(c) H OH 
O „О N E H 
ine um --OH 
RCO3H OH 
— H + —- 
H20 
С(СНз)з C(CH3)5 C(CH3)5 C(CH3)5 
(d) 
CH3CH5CH3CH5C = CH yrs CH3CH5CH5CH5CH = СН» 
catalyst 1. BH3, THF 
2. H202, OH 
1. NaH 
CH3CH5CH5CH5CH5CH5O0CH35 SCHL CH3CH2CH5CH5CH5CH5OH 
2 3 
(e) OCH3 
1. Hg(OCOCF3)5, CH3OH | 
CH3CH3CH3CH35CH = СН» = CH3CH5CH5CH5CHCH3 
2. NaBH4 
from (d) 
18.31 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


Ethers and Epoxides; Thiols and Sulfides 


18.32 


:0 
/N cis-5,6-Epoxydecane 
H-7 C—C-. 
4 Н 
(C4Hg) (C4H9) 
protonation of 
Е n epoxide oxygen А 
* OH 
a 26 р 
attack of H,O H'4 A` -H attack of H,O 
attack at carbon a (C4Hg) и (C4Ho) attack at carbon b 
H20: 
OH HO 
(C4Hg) ~ / N 1 Ø (C4Hg) 
+/ N “H н” 4 \+ 
HO C4H (C4Hg) OH 
| 7) (C4H9) 4 c 
|| loss of proton || 
H H H 

(C4Hg) \S i bis N B г a (C4H9) 

/ Ss (СН) 3 (C4Hg) 47 р^ 

HO OH H OH 


The product of acid hydrolysis of cis-5,6-epoxydecane is a racemic mixture of R,R and 


S,S diols. 


457 
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18.33 


ants 


:О 


A trans-5,6-Epoxydecane 
--С—С-. 
Hz \ (C4Hg) 
(C4Hg) H 
protonation of 
Е n epoxide oxygen А 
* OH 
a /\_b 
attack of H5O H- 4 Kx "(C4Hg) attack of H5O 
attack at carbon a (C4Hg) v H attack at carbon b 
H20: 
H Он HO (СаЊ) 
CH i 
+7 v ^ (C4Hg) H^; \+ 
HO H (C4Hg) OH 
P 2 2 | 
H20 з=н H20 D XH 
loss of proton 
H OH HO сњ 
(C4H9) a ^S / = \R АН 
C—C-. --C—C 
/ > (C4H9) " * н77 \ 
R H30 S 
HO H (C4Hg) OH 


The product of acid hydrolysis of trans-5,6-epoxydecane is a meso compound that is a 
diastereomer of the products formed in the previous problem. 


18.34 
OH 
H 
H30* т 
—H H 
О 
С(СНз)з C(CH3)3 он 


cis-3-tert-Butyl-1,2-epoxycyclohexane 


The hydroxyl groups in the product have a trans-diaxial relationship. 
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18.35 
(a) (b) 
A R H40* HO Purto 
H __ 3 ead : 4 CH3 
Hu ehs ~ F PE 
НзС СНз НзС OH 
(2R,3R)-2,3-Epoxy- (2R,35)-3-Methyl- 
3-methylpentane 2,3-pentanediol 


Reaction with aqueous acid causes ring opening to occur at C3 because the positive 
charge of the transition state is more stabilized at the tertiary carbon. Ring opening 
produces a diol in which the hydroxyl groups have a trans-diaxial relationship. 


(c) Since ring opening occurs exclusively at C3, the product is the 2R,3S isomer and is 
chiral. (If ring opening occurred equally at either carbon, the product would be a 
mixture of chiral enantiomers). 


(d) The product is optically active because only one enantiomer is produced. 


18.36 
н P os к Bs 
© О: H30* 
O: —> — > 
6, 1. ~H 2 
CH i 
"«Ң" = = 


Step 1: Attack of the hydride nucleophile. 
Step 2: Protonation of the alkoxide anion. 


The reaction is ап 542 epoxide cleavage with *:H" as the nucleophile. The exact nature of 
the attacking nucleophile is not clear. 


18.37 


:0: OH 


О: 
H| H30* H 
H У 3 
Rug H | H 
Li ! ! 
yep" - E 


+ enantiomer 


Deuterium and —OH have a trans-diaxial relationship in the product. 
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Spectroscopy 


18.38 M* = 116 corresponds to a sulfide of molecular formula C6H12S, indicating one degree of 
unsaturation. The IR absorption at 890 em! is due to a КС=СН› group. 


a a= 1.74 
CH b= 2.118 
HoC— CCH5CH5SCH4 c= 2276 
e c d b 
а = 2.576 
2-Methyl-A(methylthio)-1-butene e= 4.738 
18.39 
Chemical 
е, f Peak shift ^ Multiplicity Split by: 
каз a 1.848 doublet c 
PAS 9s b 3.768 singlet 
HgC—C b c 6.008 юмо quartets a,d 
a y d 6.368 doublet c 
c XAnethole e 6.828, doublet f 
f 7.23 8 doublet e 
18.40 
(a) b (b) 
Сна a= 0.99 8 a= 2.318 
CH3CHCSH P = 1348 C remm b = 3.588 
a с] d gg - 16168 Gr ee AD c= 4.08 ô 
CH3 —— 
b d d = 6.90-7.25 6 
General Problems 
18.41 
(a) CH 
OCH2CHCH3 OH снз 
НВ 
p + BrCHsCHCH3 
0 о CH3 
| 1. (НоМ)»С=5 
CH3CHCH2CH2CHəBr a a ee CH3CHCH2CH2CH2SH 


2. OH, НО 


(c) 5, 
O —- [o 
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(d) е 


5 “Me S N 
Y CHCH3 — H,05, НО CH2CH3 
———- 
TT CHSCH,CCI 
—————— — llr 
2. CHal AlCI; 


cich; 1. NaBH, 


18.42 


2. H3O* 
OCH3 OCH3 OCH3 
KOH BN 
H ethanol M 
N 
с HG HO— © 
я Anethole CH3CH> снн, 
3 


The anethole ring has two functional groups — an ether and a hydrocarbon side chain with a 
double bond. The ether is synthesized first — by a Williamson ether synthesis from phenol 
апа CH3I. The hydrocarbon side chain results from a Friedel-Crafts acylation of the ether. 
Reduction of the ketone, bromination and dehydrohalogenation are used to introduce the 


double bond. 
18.43 
(а) OH O^ Na* 
NaH 
—- 
* Ho 

(b) CH3 CHBr 

CHCI NBS 

AlCls (PhCO5)o 
е 
© О Na* CHBr ее) 

+ ——_ > 

+ NaBr 
from (a) from (b) Benzyl phenyl ether 
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18.44 
НС — CH9 НС — СН» H5C — CH» 
/ p H3 / \ P H3 / \+„ CH3 
HC Җ == | HC E == H б 
HO но HO но HO: 
ч + НО | 
H— Vaid 3 I 
HoC— CH» нс сн, | 
/ \ СН / \ “CH 
HC C03 =] we... ct” 5 
Kus CH Kes CH 
O 3 zo + 3 
[E] " | "m 


Step 1: Protonation of the tertiary hydroxyl group. 
Step 2: Loss of water to form a tertiary carbocation. 
Step 3: Nucleophilic attack on the carbocation by the second hydroxyl group. 


The tertiary hydroxyl group is more likely to be eliminated because the resulting 
carbocation is more stable. 


ga Q: 
CH3 

= + chal 
HD 


This reaction is an Sj2 displacement and can't occur at an aryl carbon. DMF is a polar 
aprotic solvent that increases the rate of an 52 reaction by making anions more 
nucleophilic. 


18.45 


18.46 


+ 
CH3CH» T O(CH5CH3)o Е + O(CH5CH3)o 


:OH о-н 
— К d ————- 
l. : Base LEE 


Step 1: Attack of the alcohol on the triethyloxonium cation, with loss of diethyl ether. 
Step 2: Loss of proton. 


Trialkyloxonium salts are more reactive alkylating agents than alkyl iodides because a 
neutral ether is an even better leaving group than an iodide ion. 
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18.47 
OH O Na* 
2 NaH CH2Br2 EET СНСН»С!1 
——- 
С АС» 
+2Н5 *2NaBr 
СН»СН — CH2 
Safrole 


18.48 The mechanism of Grignard addition to oxetane is the same as the mechanism of Grignard 
addition to epoxides, described in Section 18.6. The reaction proceeds at a reduced rate 
because oxetane is less reactive than ethylene oxide. The four-membered ring oxetane is 


18.49 
TA if | 
(С *ВВгз Br =B — Br: Br —B 
o. + o^ О: 
СНз "6Hs Е 
—- —- 
BBr; forms Br acts as a nucleo- * CH3Br 
a Lewis acid 


phile in an 542 reaction 


complex with to form CH3Br. 


the ether. 
Step 1: BBr3 forms a Lewis acid complex with the ether. 


less strained, and therefore more stable, than the three-membered ethylene oxide ring 


OH 
НО 
——- 
+2 HBr 
d + B(OH)3 
Water cleaves 


the Lewis acid 
complex. 


Step 2: Вг acts as a nucleophile in an 532 reaction to form CH3Br 


Step 3: Water cleaves the Lewis acid complex. 


18.50 
1.06 g vanillin 
152 g/mol 
1.60 g AgI 
234.8 g/mol 


= 6.97 x 1073 mol vanillin 


6.81 x 10? mol AgI 


6.81 x 10? mol —> 6.81 x 10? mol —- 6.81 x 10? mol —> 6.81 x 10? mol 


Agl I CHI 


-OCH, 


Thus, 6.97 x 107° mol of vanillin contain 6.81 x 107° mol of methoxyl groups. Since the 
ratio of moles vanillin to moles methoxyl is approximately 1:1, each vanillin contains one 


methoxyl group. 
CH30 
HO 


CHO Vanillin 
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18.51 Disparlure, C19H38O, contains one degree of unsaturation, which the IH NMR absorption 
at 2.8 5 identifies as an epoxide ring. 


18.52 
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18.53 
" .. _ 
HOH, PERR UNS H30* 
al aot ES. ME 
= : OH O O 
IA СОВ rG Gi [| 


Step 1: Protonation. 
Step 2: Epoxide opening. 
Step 3: Hydride shift. 
Step 4: Loss of proton. 


Reaction occurs by this route because of the stability of the intermediate tertiary 
carbocation. 


18.54 Use the aldehyde-forming reaction shown in the previous problem. 


Өн OH 
SERCO m 
CH2CHs CHCH3 


KOH 
cn 


OH OH 
S о <RCOsH 
|| 7% 
CHCH CH— CH, CH=CH 


_CH3CH2CI 
a 


18.55 
т 2 CH3 ds 
a 3 b d к 
——————— ———————- ———- Eo 
| |} 

CH3 -OH 
\ “Он 

Н 


(a) CH3MgBr, ether; (b) H2SO4, H20; (c) NaH, then CH3E (d) m-CICgH4CO3H; (e) 
“ОН, H50. 
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18.56 (a) This is an 52 reaction because the rate depends on the concentrations of both reagents. 
(b) This 5342 reaction is a Williamson ether synthesis, in which an alkoxide displaces a 
halogen. In this reaction, KOH is used to form the phenoxide anion. 


qa 


NS 
CH3 
а) 
\ 
Н в ——— O 
E н 
A ЕзС 
Fluoxetine 
FC 


18.57 The reaction is a nucleophilic aromatic substitution. The intermediate Meisenheimer 
complex is stabilized by the -NO» group. 


TRE Ой o 
T 


Na 
С № 


E X» О 


+ F 


Оз 
i Acifluorfen 
LX F3C el FC Cl 
FC Cl Meisenheimer complex 


Step 1: Addition of phenoxide. 
Step 2: Elimination of fluoride. 


18.58 
(a) b (b) 
ӨН a= 1276 a= 3.718 
CH4CH b= 3.316 ЕЕ b= 5.178 
Ет Жайы РЕ Т. 
3 —— 
b i d= 7.1-7.68 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


Ethers and Epoxides; Thiols and Sulfides 467 


18.59 
a) 
OCH»CH3 OCH»CH3 
_CHgCH20H _ он _CHgCH20H _ OCH;CHg 
Наа. catalyst ait eater. catalyst 
hemiacetal acetal 
(b) r - 
OCH2CH3 ( бонусн; Pert 
OH —>- [@ = — es + H20 
1. 
A HOCH2CH3 
A—H | 3. E 
U 
OCH,CH3 OCH,CH3 
wat 
OCH5CHs -— = QCHoCHs 
4. | 
acetal + НО? Á 0H, 4 
Step 1: Protonation. 
Step 2: Loss of water. 
Step 3: Addition of ethanol. 
Step 4: Loss of proton. 
18.60 
čo: 10: О 
|| | /N 


C C D C—CH 
“сн,вг “сн, Вг p. Ue 
+ r 
н: 


Step 1: Addition of hydride to the ketone. 
Step 2: Displacement of bromide by the alkoxide anion. 


The intermediate resulting from addition of H: is similar to the intermediate in a 
Williamson ether synthesis. Intramolecular reaction occurs to form the epoxide. 
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18.61 A Claisen rearrangement is followed by a Diels—Alder reaction (Section 14.4). 
Tautomerization of the Claisen product to a phenol doesn't take place because no hydrogen 
is available for donation to oxygen. 


rad 


H3C ——» | НЗС 
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Review Unit 7: Alcohols, Ethers, and Related Compounds 


Major Topics Covered (with vocabulary): 


The —OH group: 
alcohol phenol glycol wood alcohol hydrogen bonding alkoxide ion phenoxide ion 
acidity constant 


Alcohols: 
Grignard Reagent Dess-Martin periodinane tosylate protecting group TMS ether 


Phenols: 
cumene hydroperoxide quinone hydroquinone ubiquinone 


Acyclic ethers: 
Williamson ether synthesis Claisen rearrangement 


Cyclic ethers: 
epoxide oxirane vicinal glycol peroxyacid crownether 18-crown-6 


Thiols and sulfides: 
Thiol sulfide mercapto group alkylthio group disulfide thiolate ion trialkylsulfonium salt 
sulfoxide sulfone 


Types of Problems: 


After studying these chapters, you should be able to: 


Name and draw structures of alcohols, phenols, ethers, thiols and sulfides. 
Explain the properties and acidity of alcohols and phenols. 

Prepare all of the types of compounds studied. 

Predict the products of reactions involving alcohols, phenols and ethers. 
Formulate mechanisms of reactions involving alcohols, phenols and ethers. 
Identify alcohols, phenols and ethers by spectroscopic techniques. 


Points to Remember: 


* 


The great biochemical importance of hydroxyl groups is due to two factors:(1) Hydroxyl 
groups make biomolecules more soluble because they can hydrogen-bond with water. (2) 
Hydroxyl groups can be oxidized to aldehydes, ketones and carboxylic acids. The presence of 
a hydroxyl group in a biological molecule means that all functional groups derived from 
alcohols can be easily introduced. 


Carbon-carbon bond-forming reactions are always more difficult to learn than functional group 
transformations because it is often difficult to recognize the components that form a carbon 
skeleton. The product of a Grignard reaction contains a hydroxyl group bonded to at least one 
alkyl group (usually two or three ). When looking at a product that might have been formed by 
a Grignard reaction, remember that a tertiary alcohol results from the addition of a Grignard 
reagent to either a ketone or an ester (the alcohol formed from the ester has two identical -R 
groups), a secondary alcohol results from addition of a Grignard reagent to an aldehyde, and a 
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primary alcohol results from addition of a Grignard reagent to formaldehyde or to ethylene 
oxide. Remember that any molecule taking part in a Grignard reaction must not contain 
functional groups that might also react with the Grignard reagent. 


*  Ethers are quite unreactive, relative to many other functional groups we study, and are often 
used as solvents for that reason. Concentrated halogen acids can cleave ethers to alcohols and 
halides. Remember that the halide bonds to the less substituted alkyl group when the ethers are 
primary or secondary alkyl ethers. 


*  Epoxide rings can be opened by both acid and base. In basic ring-opening of an unsymmetrical 
epoxide (and in ring-opening using a Grignard reagent), attack occurs at the less substituted 
carbon of the epoxide ring. In acidic ring opening, the position of attack depends on the 
substitution pattern of the epoxide. When one of the epoxide carbons is tertiary, attack occurs 
at the more substituted carbon, but when the epoxide carbons are both primary or secondary, 
attack occurs at the less substituted carbon. 


* The most useful spectroscopic data for these compounds: (1) A broad IR absorption in the 
range 3300 cm-1—3600 cm~! shows the presence of the -OH group of an alcohol or a phenol. 
(2) Hydrogens bonded to the -O-C- carbon of an alcohol or ether absorb in the range 3.5—4.5 
ô in an ІН NMR spectrum or in the range 50—80 ô in а 13C NMR spectrum. 


Self-Test: 


бмрен о 
HOCH;CHGHCH;CH;CHs ( оороо —(CH2)3CH3 НС — CHCH;CI 
А OH B OH 
an insecticide Febuprol Epichlorohydrin 


(increases bile flow) 


Provide a IUPAC name for A and identify chiral carbons. Would you expect A to be water- 
soluble? Label the hydroxyl groups of A as primary, secondary or tertiary. What products are 
formed when A reacts with: (a) CrO3, H3O* ; (b) РВгз; (c) (CH3)3SiCl, ЕМ. 


Name B by IUPAC rules. Show the three components that comprise B. The synthesis of B 
involves a ring-opening reaction of the epoxide epichlorohydrin. Use this information to propose a 
synthesis of B from epichlorohydrin and any alcohol or phenol. 


Cl 
H3C 
H3C 
Cc HO D 
Chlorbenside Chlorothymol 
(larvicide) 


What type of compound is C? Name C. Synthesize C from benzenethiol and benzene. What 
products are formed when C is treated with: (a) CH3I; (b) H202, H20; (c) product of (b) + 
CH3CO3H. 


Synthesize D from m-cresol; assume that isomeric product mixtures can be separated. 
Describe the IR and !H NMR spectrum of D. 
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Multiple Choice: 


1. 


10. 


Hydrogen bonding affects all of the following except: 
(a) boiling point (b) solubility (c) position of -OH absorption in IR spectrum (d) chemical 
shift of -C-O- carbon іп 13C NMR. 


Which of the following alcohols can't be synthesized by a Grignard reaction? 
(a) Benzyl alcohol (b) Triphenylmethanol (c) 3-Bromo-1-hexanol (d) 1-Hexanol 


Which of the following reactions of a chiral alcohol occurs with inversion of configuration? 
(a) reaction with NaH (b) reaction with PBr4 (с) reaction with tosyl chloride (d) reaction 
with (CH3)3SiCl 


How many diols of the formula СНО» are chiral? 
(a) 2 (b) 3 (с)4 (d)5 


Which alcohol is the least acidic? 
(a) 2-Propanol (b) Methanol (c) Ethanol (d) 2-Chloroethanol 


Which of the following compounds can't be reduced to form CgHsCH2OH? 
(a) CeH5sCO2H (b) CSH5CHO (с) CSH53CO5CH., (d) СН5ОСНз 


The reagent used for dehydration of an alcohol is: 
(a) РСІз (b) РОСІз (c) SOCI; (d) PCC 


All of the following are products of oxidation of a thiol except: 
(a) a sulfide (b)adisulfide (c)asulfoxide (d) a sulfone 


In which of the following epoxide ring-opening reactions does attack of the nucleophile occur 
at the more substituted carbon of the epoxide ring? 


(a) (b) (c) (d) 


O O O O 
e N /N /N /N 
H + H H + H H3C + H H3C + H 
НС! OH HCI OH 


Ethers are stable to all of the following reagents except: 
(a) nucleophiles (b) bases (с) strong acids (d) dilute acids 
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Preview of Carbonyl Compounds 


Chapter Outline 


I. The carbonyl group. 
A. Kinds of carbonyl compounds. 
1. All carbonyl compounds contain an acyl group (R-C=O). 
2. The groups bonded to the acyl group can be of two types: 
a. Groups that can't act as leaving groups. 
i. Examples: aldehydes and ketones. 
b. Groups that can act as leaving groups. 
п. Examples: carboxylic acids, esters, amides, acid halides, lactones, acid 
anhydrides, lactams. 
B. Nature of the carbonyl group. 
1. The carbonyl carbon is sp?-hybridized. 
a. A x bond is formed between carbon and oxygen. 
b. Carbonyl compounds are planar about the double bond. 
2. The carbon-oxygen bond is polar. 
a. The carbonyl carbon acts as an electrophile. 
b. The carbonyl oxygen acts as a nucleophile. 
II. Reactions of carbonyl compounds. 
A. Nucleophilic addition reactions of aldehydes and ketones. 
1. A nucleophile adds to the carbonyl carbon. 
2. The resulting tetrahedral intermediate has two fates: 
a. The negatively charged oxygen can be protonated to form an alcohol. 
b. Loss of water leads to formation of a C=Nu double bond. 
B. Nucleophilic acyl substitution reactions. 
1. A nucleophile adds to the carbonyl carbon. 
2. Theresulting tetrahedral intermediate expels a leaving group to form a new carbonyl 
compound. 
3. This type of reaction takes place with carbonyl compounds other than aldehydes 
and ketones. 
C. Alpha substitution reactions. 
1. Reaction can occur at the position next to the carbonyl carbon ( a position). 
a. This type of reaction is possible because of the acidity of alpha hydrogens. 
b. Reaction with a strong base forms an enolate anion, which behaves as a 
nucleophile. 
2. All carbonyl compounds can undergo a substitution reactions. 
D. Carbonyl condensation reactions. 
1. Carbonyl condensation reactions occur when two carbonyl compounds react with 


each other. 
2. The enolate of one carbonyl compound adds to the carbonyl group of a second 
compound. 
Solutions to Problems 
1. According to the electrostatic potential maps, the carbonyl carbon of acetyl chloride is more 


electrophilic and the oxygen of acetone is more nucleophilic. This makes sense, because 
acetyl chloride has two electron-withdrawing groups that make its carbonyl carbon 
electron-poor and thus electrophilic. Because acetyl chloride has two electron-withdrawing 
groups, neither group is as nucleophilic as the carbonyl oxygen of acetone. 
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2. The reaction of cyanide ion with acetone is a nucleophilic addition reaction. 
О | oc | OH 
Д “CN | H3O* | 
С ==» --C ——— ec: 
HaG^ “CH, HaC' 4 ^ CN HaC' 4 ^ CN 
| HsC | 3C 


Cyanide anion adds to the positively polarized carbonyl carbon to form a tetrahedral 
intermediate. This intermediate is protonated to yield acetone cyanohydrin. 


3. (a) This reaction is a nucleophilic acyl substitution. Ammonia adds to acetyl chloride, and 
chloride is eliminated, resulting in formation of an amide. 


(b) In this nucleophilic addition reaction, addition of the nucleophile is followed by loss of 
water. 


(c) Two molecules of cyclopentanone react in this carbonyl condensation. 
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Chapter 19 — Aldehydes and Ketones: 


Nucleophilic Addition Reactions 


Chapter Outline 


I. General information about aldehydes and ketones (Sections 19.1—19.3). 
A. Naming aldehydes and ketones (Section 19.1). 
1. Naming aldehydes. 
a. Aldehydes are named by replacing the -e of the corresponding alkane with -al. 
b. The parent chain must contain the -CHO group. 
c. The aldehyde carbon is always carbon 1. 
d. When the -CHO group is attached to a ring, the suffix -carbaldehyde is used. 
2. Naming ketones. 
a. Ketones are named by replacing the -e of the corresponding alkane with -one. 
b. Numbering starts at the end of the carbon chain nearer to the carbonyl carbon. 
c. The word acyl is used when a RCO- group is a substituent. 
B. Preparation of aldehydes and ketones (Section 19.2). 
1. Preparation of aldehydes. 
a. Oxidation of primary alcohols with Dess—Martin periodinane. 
b. Partial reduction of carboxylic acid derivatives. 
2. Preparation of ketones. 
a. Oxidation of secondary alcohols. 
b. Ozonolysis of alkenes with at least one disubstituted unsaturated carbon. 
c. Friedel-Crafts acylation of aromatic compounds. 
d. Preparation from carboxylic acid derivatives. 
C. Oxidation of aldehydes and ketones (Section 19.3). 
1. Aldehydes can be oxidized to carboxylic acids by many reagents. 
a. CrO; is used for normal aldehydes. 
b. Oxidation occurs through intermediate 1,1-diols. 
2. Ketones are generally inert to oxidation, but can be oxidized to carboxylic acids 
with strong oxidizing agents. 
II. Nucleophilic addition reactions of aldehydes and ketones (Sections 19.4—19.13). 
A. Characteristics of nucleophilic addition reactions (Section 19.4). 
1. Mechanism of nucleophilic addition reactions. 
a. А nucleophile attacks the electrophilic carbonyl carbon from a direction 105° 
opposite to the carbonyl oxygen. 
b. The carbonyl group rehybridizes from sp? to ѕр?, and a tetrahedral alkoxide 
intermediate is produced. 
c. The attacking nucleophile may be neutral or negatively charged. 
i. Neutral nucleophiles usually have a hydrogen atom that can be eliminated. 
d. The tetrahedral intermediate has two fates: 
i. The intermediate can be protonated to give an alcohol. 
п. The carbonyl oxygen can be eliminated as -ОН to give a product with a 
CzNu double bond. 
2. Relative reactivity of aldehydes and ketones. 
a. Aldehydes are usually more reactive than ketones in nucleophilic addition 
reactions for two reasons: 
i A nucleophile can approach the carbonyl group of an aldehyde more readily 
because only one alkyl group is in the way. 
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ii. Aldehyde carbonyl groups are more strongly polarized and electrophilic 
because they are less stabilized by the inductive effect of alkyl groups. 
b. Aromatic aldehydes are less reactive than aliphatic aldehydes because the 
electron-donating aromatic ring makes the carbonyl carbon less electrophilic. 
B. Nucleophilic addition reactions (Section 19.5—19.13). 
LN ae (Section 19.5). 
a. Water adds to aldehydes and ketones to give 1,1-diols (often referred to as gem- 
diols or hydrates). 
b. The reaction is reversible, but generally the equilibrium favors the carbonyl 
compound. 
c. Reaction is slow in pure water, but is catalyzed by both aqueous acid and base. 
1. The base-catalyzed reaction is an addition of -OH, followed by protonation 
of the tetrahedral intermediate by water. 
ii. In the acid-catalyzed reaction, the carbonyl oxygen is protonated, and 
neutral water adds to the carbonyl carbon. 
d. The catalysts have different effects. 
i. Base catalysis converts water to a better nucleophile. 
ii. Acid catalysis makes the carbonyl carbon a better electrophile. 
e. Reactions of carbonyl groups with H-Y, where Y is electronegative, are 
reversible; the equilibrium favors the aldehyde or ketone. 
2. Cyanohydrin formation (Section 19.6). 
a. HCN adds to aldehydes and ketones to give cyanohydrins. 
i. Thereaction is base-catalyzed and proceeds through a tetrahedral 
intermediate. 
ii. Equilibrium favors the cyanohydrin adduct. 
b. HCN is one of the very few protic acids that add to a carbonyl group 
c. Cyanohydrin formation is useful for the transformations that the -CN group can 
undergo. 
i. The -CN group can be reduced, to form an amine. 
ii. The -CN group can be hydrolyzed, to produce a carboxylic acid. 
3. Addition of hydride and Grignard reagents (Section 19.7). 
a. Hydride addition. 
i. LiAIH4 and NaBH, act as if they are H: donors and add to carbonyl 
compounds to form tetrahedral alkoxide intermediates. 
ii. In a separate step, water is added to protonate the intermediate, yielding an 
alcohol. 
b. Addition of Grignard reagents. 
i. Mg“ complexes with oxygen, making the carbonyl group more 
electrophilic. 
п. К: adds to the carbonyl carbon to form a tetrahedral intermediate. 
iii. Water is added in a separate step to protonate the intermediate, yielding an 
alcohol. 
iv. Grignard reactions are irreversible because R: is not a leaving group. 
4. Addition of amines (Section 19.8). 
a. Amines add to aldehydes and ketones to form imines and enamines. 
b. An imine (R2C=NR) is formed when a primary amine adds to an aldehyde or 
ketone. 
i. The process is acid-catalyzed. 
п. A proton transfer converts the initial adduct to a carbinolamine. 
ш. Acid-catalyzed elimination of water yields an imine. 
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iv. The reaction rate maximum occurs at pH = 4.5. At this pH, [Н] is high 
enough to catalyze elimination of water, but low enough so that the amine is 
nucleophilic. 

v. Some imine derivatives are useful for characterizing aldehydes and ketones. 

c. Enamines (R2NZCR-CR)) are produced when aldehydes and ketones react with 
secondary amines. 

i. The mechanism is similar to that of imine formation, except a proton from 
the a carbon is lost in the dehydration step. 


. Addition of hydrazine: the Wolff-Kishner reaction (Section 19.9). 


a. Hydrazine reacts with aldehydes and ketones in the presence of KOH to form 
alkanes. 
1. The intermediate hydrazone undergoes base-catalyzed bond migration, loss 
of № and protonation to form the alkane. 
b. The Wolff—Kishner reduction can also be used to convert an acylbenzene to an 
alkylbenzene. 


. Addition of alcohols: acetal formation (Section 19.10). 


a. In the presence of an acid catalyst, two equivalents of an alcohol can add to an 
aldehyde or ketone to produce an acetal. 
i. The initial intermediate, a hemiacetal (hydroxy ether), is formed when the 
first equivalent of alcohol is added. 
п. Protonation of —OH, loss of water, with formation of an oxonium ion, and 
addition of a second molecule of ROH yields the acetal. 
b. Since the reaction is reversible, changing the reaction conditions can drive the 
reaction in either direction. 
c. Because acetals are inert to many reagents, they can be used as protecting 
groups in syntheses. 
i. Diols are often used as protecting groups, forming cyclic acetals. 
The Wittig reaction (Section 19.11). 
a. The Wittig reaction converts an aldehyde or ketone to an alkene. 
b. Steps in the Wittig reaction: 
i. An alkyl halide reacts with triphenylphosphine to form an 
alkyltriphenylphosphonium salt. 
ii. Butyllithium converts the salt to an ylide (phosphorane). 
iii. The ylide adds to an aldehyde or ketone to form a dipolar betaine. 
(a).In some cases, the addition is a one-step cycloaddition. 
iv. The betaine forms a four-membered ring intermediate (oxaphosphatane), 
which decomposes to form the alkene and triphenylphosphine oxide. 
c. Uses of the Wittig reaction. 
i. The Wittig reaction can be used to produce mono-, di-, and trisubstituted 
alkenes, but steric hindrance keeps tetrasubstituted alkenes from forming. 
ii. The Wittig reaction produces pure alkenes of known stereochemistry 
(excluding E,Z isomers). 
Biological reductions (Section 19.12). 
a. The Cannizzaro reaction is unique in that the tetrahedral intermediate of addition 
of a nucleophile to an aldehyde can expel a leaving group. 
b. Steps in the Cannizzaro reaction. 
i. HO adds to an aldehyde with no a hydrogens to form a tetrahedral 
intermediate. 
ii. H is expelled and adds to another molecule of aldehyde. 
ш. The result is a disproportionation reaction, in which one molecule of 
aldehyde is oxidized and a second molecule is reduced. 
c. The Cannizzaro reaction isn't synthetically useful, but it resembles the mode of 
action of the enzyme cofactor NADH. 
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9. Conjugate addition to a,6-unsaturated aldehydes and ketones (Section 19.13). 

a. Steps in conjugate addition. 

i. Because the double bond of an a,f-unsaturated aldehyde/ketone is 
conjugated with the carbonyl group, addition can occur at the В position, 
which is an electrophilic site. 

п. Protonation of the a carbon of the enolate intermediate results in a product 
having a carbonyl group and a nucleophile with a 1,3 relationship. 

b. Conjugate addition of amines. 

i. Primary and secondary amines add to a,f-unsaturated aldehydes and 
ketones. 

ii. The conjugate addition product is often formed exclusively. 

c. Conjugate addition of water. 

i. Water can add to yield -hydroxy aldehydes and ketones. 

ii. Conjugate addition of water also occurs in living systems. 

d. Conjugate addition of organocopper reagents. 

i. Conjugate addition of organocopper reagents (R2CuLi) alkylates the double 
bond of o;f-unsaturated ketones. 

п. This type of addition doesn't occur with other organometallic reagents. 

ш. Primary, secondary, tertiary, aryl, and alkenyl groups can be added. 

iv. The mechanism may involve conjugate addition of the diorganocopper 
anion, followed by transfer of an -R group. 

III. Spectroscopy of aldehydes and ketones (Section 19.14). 
A. IR spectroscopy. 
1. The C= О absorption of aldehydes and ketones occurs in the range 1660—1770 
ст 

a. The exact position of absorption can be used to distinguish between an aldehyde 
and a ketone. 

b. The position of absorption also gives information about other structural 
features, such as unsaturation and angle strain. 

c. The absorption values are constant from one compound to another. 

2. Aldehydes also show absorptions in the range 2720-2820 ст 
B. NMR spectroscopy. 
1. 'HNMR spectroscopy. 

a. Aldehyde protons absorb near 10 5, and show spin-spin coupling with protons 
on the adjacent carbon. 

b. Hydrogens on the carbon next to a carbonyl group absorb near 2.0-2.3 6. 

i. Methyl ketone protons absorb at 2.1 8. 

2. ВС ММК ѕресігоѕсору. 

a. The carbonyl-group carbons absorb in the range 190—215 8. 

b. These absorptions characterize aldehydes and ketones. 

c. Unsaturation lowers the value of à. 

C. Mass spectrometry. 
1. Some aliphatic aldehydes and ketones undergo McLafferty rearrangement. 

a. A hydrogen on the y carbon is transferred to the carbonyl oxygen, the bond 
between the a carbon and the В carbon is broken, and a neutral alkene fragment 
is produced. 

b. The remaining cation radical is detected. 

2. Alpha cleavage. 
a. The bond between the carbonyl group and the o carbon is cleaved. 
b. The products are a neutral radical and an acyl cation, which is detected. 
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Solutions to Problems 


19.1 Remember that the principal chain must contain the aldehyde or ketone group and that an 
aldehyde group occurs only at the end of a chain. The aldehyde carbon is carbon 1 in an 
acyclic compound, and the suffix -carbaldehyde is used when the aldehyde group is 
attached to a ring. 


b 
(а) 9 M CH3CH3CHO ©) О | 
CH34CH5SCCH(CH3)o CH3CCH5CH5CH5CCH5CHs 
2-Methyl-3-pentanone 3-Phenylpropanal 2,6-Octanedione 
(e) (f) 
H3C 
CH3CH = СНСН»СН»СНО > 
3 2752 Н: y H 
CH3 
trans-2-Methylcyclo- 4-Hexenal cis-2,5-Dimethylcyclohexanone 
hexanecarbaldehyde 
19.2 
@ CH 9) © о (© CH4CHO 
CH3CHCH2CHO CH3CHCHsCCH3 
3-Methylbutanal 4-Chloro-2-pentanone Phenylacetaldehyde 
d e 
© H H e СНз 9 СНз CH3CHC! 
(CH3)3C а ! | „СНО | | | 
HC = CCH2CHO СНзСН»5СНСН»СН»СНСНО 
cis-3-tert-Butylcyclo- 3-Methyl-3-butenal 2-(1-Chloroethyl)-5- 
hexanecarbaldehyde methylheptanal 


19.3 We have seen the first two methods of aldehyde preparation in earlier chapters. 


(a) Dess-Martin 
periodinane 
CH3CH2CH2CH2CH2OH ———— —— — — . CH3CH2CH5CH5CHO 


]-Pentanol CHoClo 
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(b) 
CH3CHsCH»CHsCH =CH> БРЕ CH3CHsCHsCHsCHO + СНО 
1-Hexene í 
(©) 1. DIBAH 
CH3CH2CH2CH2CO>CH3 -oF CH3CH2CH2CH>CHO 
“пз 
(9) 1. ВНз, THF 
2. H202, OH 
1-Pentene (a) 
19.4 All of these methods are familiar. 
(a) T О 
Е Нз [ 
CH3CH2C = ССН2СНз ^Hgso, ^ ©НзСНСноССноСнз 
(b) О 
Д [ 
С Вг С 
CH3COCI она. В» SCH, 
— ———- 
АІСІЗ FeBra 
c HO, О 
© ы MgBr ~CHCH, Sor" 
———- EDU od 
2. H30 H30 
(d) ü 
CH3 | «СНз 
1. ВНз, THF (COS 
—————- 
2. НО, OH ms 
| OH 
OH 
19.5 
Ao 
H^**^H 
5- C 
Co “ON O: CN HO CN 
= — * OH 
1. |. | 2; 
cyanohydrin 


Step 1: Cyanide anion adds to the positively polarized carbonyl carbon to form a 
tetrahedral intermediate. 
Step 2: This intermediate is protonated to yield the cyanohydrin. 
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О О 
/ 7; 
Н Н 


< ——— 
electron-withdrawing electron-donating 


19.6 


The electron-withdrawing nitro group makes the aldehyde carbon of p-nitrobenzaldehyde 
more electron-poor (more electrophilic) and more reactive toward nucleophiles than the 
aldehyde carbon of p-methoxybenzaldehyde. 

19.7 


As Cae a Sos e Chew = 
ClC = 3C 4 "0H 3 4 "oH 


19.8 


C -—— — 326 xt <_< 226 
R^A^R R4 “он, R4 `OH 
, L R "п | R 
:Онә 


The above mechanism is similar to other nucleophilic addition mechanisms we have 
studied. Since all steps are reversible, we can write the above mechanism in reverse to 
show how labeled oxygen is incorporated into an aldehyde or ketone. 


NC 
OH OH o 
€ [2 E" 
RE Sc C + НОО 
ыс ы 
This exchange is very slow in water but proceeds more rapidly when either acid or base is 
present. 


О 
H3C res H3C CHa H3C СНз 
СНз —> СНз HCN CH3 
= = 
+ CN 


É + “CN 


19.9 


2,2,6-Trimethylcyclohexanone 


Cyanohydrin formation is an equilibrium process. Because addition of “CN to 2,2,6- 
trimethylcyclohexanone is sterically hindered by the three methyl groups, the equilibrium 
lies toward the side of the unreacted ketone. 
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19.10 Reaction of a ketone or aldehyde with a primary amine yields an imine, in which C=O has 
been replaced by C=NR. Reaction of a ketone or aldehyde with a secondary amine yields 
ап enamine, in which C=O has been replaced by C-NR;, and the double bond has moved. 


CH5CHs 
INT (e : N(CH2CH3)2 
H2O + АЙ н" + H20 
CH3CH5NH» (CH3CH3)5NH 
uo -A 
imine enamine 
19.11 
+ 
нон E 
+ 
NR CAN HNR Ж. Он» 
I = Il —.он = | 
С *] С ue: 7t 2202 
x € A М / OH 
l^ 
АМН, [^ и 
& i e HNR + НО? 
C = {Ca = => us ULT 
LO OS 4 O: г OH 
5. Li 4, 4 
L carbinolamine 


Step 1: Protonation of nitrogen. 
Step 2: Addition of water. 

Step 3: Loss of proton. 

Step 4: Proton transfer. 

Step 5: Loss of amine. 


19.12 The structure is an enamine, which is prepared from a ketone and a secondary amine. Find 
the amine and ketone components and draw the reaction. 


from diethylamine 


from cyclopentanone 
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19.13 
СНз О 
| Í (b) HaNNHa 
CH4C =CHCCH3 ——————- 
KOH 
Ho 
@ | pac 
CH3 
[ (c) HNNH, 
CH3CHCH2CCH3 ——— 


KOH 


(is 
CH3C — CHCH;CH4 


19.14 Formation of the hemiacetal is the first step. 


(a) (А 
/ + CH5CH» 
? Me 
R п’ < R' 2. 
Step 1: Protonation of oxygen. 
Step 2: Addition of -OH. 
Step 3: Loss of proton. 
(b) им 5 A 
‘oH H—CI 
OH OH 
b. о = 
R^4 ^9 1 R77 Ys 22 
R' | R' | 
CH5CH4OH CH5CH4OH 


Step 1: Protonation. 
Step 2: Loss of H20. 
Step 3: Addition of -OH. 
Step 4: Loss of proton. 


Ho 
© | pac 
T5 
CH3CHCH5CH5CHs 
OH :OH OH + H30* 
ND и А 
"P —- P 
R^; 354 = Ry `0: 
n^ ^9 3. R^ |] 
CH5CH5OH CH5CH5OH 
El hemiacetal 
CE ues 
R' "m" |, N € . : OHo 
"CZ 0H loa 
Gl | =” | „©Н2 
Ot Сн 3. :O—c 
hi Г, 
HH Е 
| 4. 
R 
SERO 
CH 
Но" + O. j 
AN 
HH 
acetal 


Protonation of the hemiacetal hydroxyl group is followed by loss of water. Attack by the 
second hydroxyl group of ethylene glycol forms the cyclic acetal ring. 
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19.15 Locate the two identical -OR groups to identify the alcohol that was used to form the 
acetal. (The illustrated acetal was formed from methanol.) Replace these two —OR groups 
by =O to find the carbonyl compound. 


T нан pa T "sq t 
LAUS „© Dos Нам, де га 
H N CH3 2 CH4OH " H 
from 
methanol 


19.16 Locate the double bond that is formed by the Wittig reaction. The simpler or less 
substituted component comes from the ylide, and the more substituted component comes 
from the aldehyde or ketone. Triphenylphosphine oxide is a byproduct of all these 


reactions. 
(a) " 
X | from ylide 
УС. О 
X CH3 + pus 
-————— * (Ph)gP —CHCH3 
from 
ketone 
b 
(b) | 
/ from ylide ome 
No Hr c 
ees + (Ph)3P — CH3 
from 
aldehyde 
(c) О 
А || + = 
: -— —— CH3CCH3 +  (Ph)gP — CHCH2CH2CHs5 
from from ylide 
ketone 
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(d) H NES 
m (Ph)gP — CH 
Cy’ „СНз 


ce 
T 


^ | from шо +  CH3CCH; 
СНз ketone 


from ylide 


| 
Ca C 
С 
, | < 
H 


from ketone from ylide 


(e) 


1 


The Z isomer is also produced. 


0 E Сн» from ylide О 


\ 


+ — 
х -—— — +  (Ph)gP — CHo 


from 
ketone 


19.17 


uS Rs 


p-Carotene 
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19.18 


C— OH C 
S OH 
—- e —- 
i C 


C 
Д | 
О L] 


N 
N 


Step 1: Addition of OH. 

Step 2: Expulsion, addition of Н. 

Step 3: Proton transfer. 

Step 4: Protonation. 

This is an intramolecular Cannizzaro reaction. 


19.19 Addition of the pro-R hydrogen of NADH takes place at the Re face of pyruvate. 


Re face 


Y 


(S)-Lactate O  NAD* 
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19.20 The -OH group adds to the Re face at carbon 2, and —H* adds to the Re face at carbon 3, 
to yield (2R,3S)-isocitrate. 


HO H 
(2R,3S)-Isocitrate 


19.21 The product is formed by 1,4 addition of CN, followed by protonation. 


e 
2 aute H—CN . 
Co: :0: O + “CN 


:О: N 
X zZ EON CN CN | CN 


nucleophilic protonation 
addition 
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19.22 To choose the reactants that form a conjugate addition product, follow these steps: 


(1) Give to the aldehyde or ketone carbon the number "1", and count two carbons 
away from the carbonyl carbon. The double bond in the о, f-unsaturated starting 


material connected the carbons numbered "2" and "3". 
(2) The grouping bonded to the "3" carbon (circled here) came from the alkyllithium 


reagent. 


(a) 
|| 
НС =CHCCH3 


ы. 


1. Li(CH3CH2CH2)>Cu < Д 
Мааз оар С 


2. H9O* С 
-2-He S none 


- CHg 
ae 1. Li(CHg)gCu - СНз’ 


2. но 


NA eb 


3,3-Dimethylcyclohexanone 


О бньсн» * 


1. Li(CH3CH2)2Cu — bre 

2. Put о т 
С(СНз)з C(CH3)3 
4-tert-Butyl-3-ethylcyclohexanone 


-7 - 
r N 


{CH=CH} ; 

TNAM do 

1., Li(HC=CH)2Cu - 
ночы 
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19.23 
HO Chg O 
1. Li(CH3)5Cu 
Se UM or 
2. H30 
CH 
A B 3 
2-Cyclohexenone l-Methyl-2- 3-Methylcyclohexanone 


cyclohexen-1-ol 


2-Cyclohexenone is a cyclic o;-unsaturated ketone whose carbonyl IR absorption occurs 
at 1685 cm™!. If direct addition product A is formed, the carbonyl absorption vanishes and 
a hydroxyl absorption appears at 3300 cm 1. If conjugate addition produces B, the 
carbonyl absorption shifts to 1715 cm 1, where 6-membered-ring saturated ketones 
absorb. 

19.24 Find the type of aldehyde or ketone and check Table 19.2 for absorptions. 


(a) НС=СНСН,СОСН; absorbs at 1715 cm ^l. (4-Penten-2-one is not an a,$-unsaturated 
ketone.) 


(b) CH3CH=CHCOCH; is an o;f-unsaturated ketone and absorbs at 1685 cm). 


О О О 
CH3 CI C 


(c) (d) (e) 
(c) 2,2-Dimethylcyclopentanone, a five-membered-ring ketone, absorbs at 1750 em 1. 


(d) m-Chlorobenzaldehyde shows an absorption at 1705 стг! and two absorptions at 2720 
стг! and 2820 cm”. 


(e) 3-Cyclohexenone absorbs at 1715 cm t. 


(f) CH3CH2CH2CH=CHCHO is an ojfj-unsaturated aldehyde and absorbs at 1705 cm. 
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19.25 In mass spectra, only charged particles are detected. The McLafferty rearrangement 
produces an uncharged alkene (not detected) and an oxygen-containing fragment, which is 
a cation radical and is detected. Alpha cleavage produces a neutral radical (not detected) and 
an oxygen-containing cation, which is detected. Since alpha cleavage occurs primarily on 
the more substituted side of the aldehyde or ketone, only this cleavage is shown. 


(a) 


ee. — +. 
H 
H3C_|_H HaC 
3 “с^ О 3 “сн 
H | || McLafferty || + 
ZC ч “сн rearrangement CH» 
/\ 
н CH3 
T — 
HC. 1 H 
3 “с^ О T 
"T [| Alpha 37 cH 
pow Te сш: 2 
H Sec SGH cleavage Hg 
HCH H^ “сн: 
L 3 | 
3-Methyl-2-hexanone CH3 
m/z = 114 
= ae 
H3C_ | „Н H3C 
n McLafferty à 
H 
"SO cC rearrangement CH 
рМ Ам М 
Hag. E soda Нас 
L H H 2 
2 ЖЯ 
НС | H НС 
3 767 о Alpha 3 ^он 
Нг x cleavage H 
Охон ен 
е 3 H3C 
L нон 


4-Methyl-2-hexanone 


m/z — 114 


+ | 


Both isomers exhibit peaks at m/z = 43 due to a-cleavage. The products of McLafferty 
rearrangement, however, occur at different values of m/z and can be used to identify each 
isomer. 
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(b) H Wes Я 
НЗС. | Н r . 
3 "e$ o McLafferty GH OH + 
H~ | | rearrangement СН d „С 
М. 
Hl 5с “онон HoC^ `CH2CH3 
H H | miz = 72 
l н |" H4C 
H3C H 3 n V+ 
“C7 о Alpha "CH; О 
H1 || -L H] + 
~с «C cleavage “С С 
H AS C A “сн,Снз 4 СН» | 
/ CH5CH3 
H H - - 
M E m/z = 5] 
3-Heptanone m/z = 114 
ie ae 
H | H = 
“ES n McLafferty GHe OH 
Нн. rearrangement Ы | 
yO CH2CH2CHs | HC" CH9CH;CHs 
L HH - т/ = 86 
H Je 
H. | H Е 
Е o Alpha CH3 O + 
| [| ——— | " Il 
Нс. С cleavage Нс C 
[Cn EUR bs | 
+ `XCH2CH2CH3 Сн 
н хл H CH5CH3CHs | 
H H 
Е mz = 11 
4-Heptanone m/z = 114 


The isomers can be distinguished on the basis of both a-cleavage products (m/z = 57 vs 
m/z = 71) and McLafferty rearrangement products (m/z = 72 vs m/z = 86). 


(c) 


| 2-Methylpentanal 
m/z = 100 
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H2C 
9H OH + 
McLafferty T + | 
rearrangement CH Hs c^ H 
| 
CH3 
m/z = 58 
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- -— 
H 
Нас. 1 H 
| [ Alph HaC ~ 
H—-c «c Apna. CH» О * 
u^ SES ^u cleavage нс. + С 
H^ “сн: | 
H Сн | 
- - H 
2-Methylpentanal CH3 
m/z = 100 miz = 29 
= — 
HC I H 
3 H3C Г J+ 
2 e n McLafferty р mà . ОА 
H —————À- 
Сум C геаггапдетепї CH C 
нс“ е Н HaC^ H2 Es 
L H H _ - - 
: _ m/z = 44 
+ 
H 
H3C_ | JH H3C 
E odio Alpha ^он, о 1+ 
HW | cleavage Hee! y Jl 
Уң оң T 
ВЕС: CA НЗС Д 
L H H E 
3-Methylpentanal miz = 29 
m/z = 100 


The fragments from McLafferty rearrangement, which occur at different values of m/z, 
serve to distinguish the two isomers. 


19.26 IR: The only important IR absorption for the compound is seen at 1750 cm. 1, where 5- 
membered ring ketones absorb. 


Mass spectrum: The products of alpha cleavage, which occurs in the ring, have the 
same mass as the molecular ion. 


+ LI T LI ie + Li 
О О 
Alpha Sc + c? 
————- 

т/с = 0 mlz = 140 т/с =140 
The charged fragment resulting from the McLafferty rearrangement appears at m/z = 84. 
= з ыз 

q он |“ 
JES McLafferty 7 nd 
rearrangement 
m/z = 140 
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Visualizing Chemistry 


19.27 It helps to know that all of these substances were prepared from aldehydes or ketones. 
Look for familiar groupings of atoms to identify the starting materials. 


(a) Notice that the substance pictured is a cyclic acetal. The starting materials were a diol 
(because cyclic acetals are prepared from diols) and an aldehyde (because an —H is bonded 
to the acetal carbon). Replace the two —OR groups with =O to identify the aldehyde starting 
material (acetaldehyde). 


O 


b acid H3C О 
HgC my -— — 97627 + HOCH;CH;CH50H 
\ catalyst | 
Н 
acetal 


(b) We know that the product is an imine because it contains a carbon-nitrogen double 
bond. The carbon that is part of the C=N bond came from a ketone, and the nitrogen came 
from a primary amine. 


H н © 
Sof | 


Que we CH5NHo H3 
yN 

ME M AN. 
"T O^ ~CHg3 
итше 


(c) The product is ап enamine, formed from a ketone and a secondary amine. Nitrogen is 
bonded to the carbon that once bore the carbonyl oxygen. 


Оно — Оз е 
enamine 


(d) The secondary alcohol product might have been formed by either of two routes — by 
reduction of a ketone or by Grignard addition to an aldehyde. 


H OH O 
\ и || 
Нас. „С HC, LC 
LA 1. NaBH, A 
H3C H 2 H30* H3C H 
CH3 CH3 
or 
H OH 
\ / 
HaC, С MgBr 
© 1. (CH3)2CHCHO 
-.——————————————— 
H4C H 2. H9O* 


CH3 CH3 
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19.28 The intermediate results from the addition of an amine to a ketone. The product is an 
enamine because the amine nitrogen in the carbinolamine intermediate comes from a 
secondary amine. 


о | ОН | /С(СНз)2 
N—H + — N—C. — N—C 
nO. V. CH(CH3)o N 
HaC^ “он(снз) CH3 CH3 


3-Methyl-2-butanone р 


19.29 (а) The nitrogen atom is sp^-hybridized, and the geometry is planar. 
(b) A p orbital holds the lone-pair electrons of nitrogen. 
(c) The p orbital holding the lone-pair electrons of nitrogen is aligned for overlap with the 
л electrons of the enamine double bond. With this geometry, the nitrogen lone-pair 
electrons can be conjugated with the double bond, thus lowering energy. 


үз үз 
М CH <>» Му .CH 
AT УО 
H НАС“ + “С 
3 AU : | 
CH3 CH3 


Additional Problems 


Naming Aldehydes and Ketones 


19.30 
b 
DN. O quo (o) | 
CH3CCH2Br = CH3CH5CH5CH5CCH(CHg)o 
На `OH 
H3C 
Bromoacetone (S)-2-Hydroxypropanal 2-Methyl-3-heptanone 
d 
M ^ ag (o) 0 е 
HOw ын | II 
5$ ad (CH3)3CCC(CH3)3 CH3C =CHCCH3 
ye’ ii OH 2,2,4,4-Tetramethyl- 4-Methyl-3-penten-2-one 
| 3-pentanone 
CH5OH 
(2S,3R)-2,3,4-Tri- 
hydroxybutanal 
(g) (h) (i) 
3 О 
H3C 
OHCCH2CH5CHO es: —CHCHO H3C 
Butanedial 3-Phenyl-2-propenal 6,6-Dimethyl-2,4- 


cyclohexadienone 
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ф А 


OoN С 


p-Nitroacetophenone 


19.31 Only 2-methylbutanal is chiral. 


i: Іф, 
CH3CH2CHS9CHa2CHO . CHa4CHSCHCHO CH4CHCH5CHO (CH3)3CCHO 
Pentanal 2-Methylbutanal 3-Methylbutanal — 2,2-Dimethylpropanal 
j T f 
CH3CH2CH2CCH3 CH3CH2CCH2CH3 оса 
СНз 
2-Pentanone 3-Pentanone 3-Methyl-2-butanone 
19.32 
@ о СЧА (c) E 
H -C он 
CHOH 
CH3 
3-Methyl-3-cyclo- (R)-2,3-Dihydroxypropanal 5-Isopropyl-2-methyl- 
hexenone (D-Glyceraldehyde) 2-cyclohexenone 
(d) А (е) TES (f) ae 
CHjCHCCH CH, CHaCHCH CH 
бн» OHC 
2-Methyl-3-pentanone 3-Hydroxybutanal p-Benzenedicarbaldehyde 


19.33 (a) The o,6-unsaturated ketone CgHgO contains one ring. Possible structures include: 


О Q Q О Q 
@ ! сњ ^ , њо è 
CH; HC 


Cyclobutenones and cyclopropenones are also possible. 
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(b) 


Д 
CH3C —CCH3 and many other structures. 


©) Q Q Q Q 
[| [ [ Д 
C H3C C C C 
CY on “он, “сн, “сн,снз 
CH3 НЗС 
(9) 
CHO 
g and many other structures. 


Reactions of Aldehydes and Ketones 
19.34 Reactions of phenylacetaldehyde: 
(a) (b) ©) _OH 


Д 
CH2CH2OH CH;COH 


(f) 


(d) 


(e) OCH; 


ы C Cr 
T Q 


(g) (h) оң 


CH5CH —CH2 ETA 


Reactions of acetophenone: 


(a) (b) © „он 


Н 
\ / 
С no reaction С 
CY "OH "bs 
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(d) HO CHa () њсо осн (f) 
C CL CH2CH3 


e CH2 v HO CN 


19.35 Remember: 


+ 
alkyl halide Triphenyl phosphonium salt 
phosphine 


+ + - 
(CgHg)gPCHoR X + CH3CHsCHsCH» Li* —> (CgHs)3P — CHR 
phosphonium salt Butyllithium ylide 

"NE 


ylide aldehyde alkene 
or ketone 


Alkyl halide Aldehyde/ketone Product 
(a) 


CX | 
CHBr О ied dd Z 


(b) 


"y" *0 СТ 
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19.36 Remember from Chapter 17: 
Primary alcohols are formed from formaldehyde + Grignard reagent. 
Secondary alcohols are formed from an aldehyde + Grignard reagent. 


Tertiary alcohols are formed from a ketone (or an ester) + Grignard reagent. 


Aldehyde/ Grignard Product (after 
Ketone reagent acidic workup) 
a 
@ о 
ll 
CH3CH CH3CH5CH32MgBr ra 
o = CHaCH2CH2CHCHs 
CH4CH5CH5CH CH3MgBr 
(b) 
СНО CH3CH5CHoMgBr CH3CH5CH5CH52OH 
(c) б OH 
(@ н он 
CHO CgHs5MgBr WD 
C 
or 
" 2 CgHs5MgBr 
H—C—OR 


19.37 In general, ketones are less reactive than aldehydes for both steric (excess crowding) and 
electronic reasons. If the keto aldehyde in this problem were reduced with one equivalent 
of NaBH,, the aldehyde functional group would be reduced in preference to the ketone. 

For the same reason, reaction of the keto aldehyde with one equivalent of ethylene 
glycol selectively forms the acetal of the aldehyde functional group. The ketone can then be 
reduced with NaBH; and the acetal protecting group can be removed. 


1.1 equiv NaBH, 
_— —————ә-— 
H3O* 


O O~ 
HOCHCH20H [ A 
CHSCCHSCH;CHSCH | 


acid catalyst 
| . NaBH4 


[| || 
CH3CCHsCH,CHsCHO CH4CCH5CH2CH5CH50H 


2. H3O* 
үн 
CH3CHCH5CH5CH5CHO 
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19.38 
(a) 


O 

НММН» 

—— aa 

KOH 

O 

1. Li(CgHs)oCu 

—————— 

2. H30* 

CoHs 

O 
1. Li(H»C=CH) Cu KMnO4 
a караа ака: __—=—- 
2. HgO* H40* 

CH= 
^ 
^ 


(b) 


(c) 


CH» COH 


О 
1. (СНз) Си HaNNH» 
2. Hg0* KOH 
CH 


3 CH3 


(d) 


or 
СН» CH3 


+ 
(CgHs)3P — CH2 Ho 
———————- ———- 
Pd/C 
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CHO CH 20H CHBr 
1. NaBH4 PBr3 
—————- ————- 
2. H3O* 


| Mg, ether 


CH5CHO CH3CH5CH CHoaMgBr 
Periodinane 1. CH20 
—— тоа 
ET 2. H30 


The product resembles the starting material in having an aldehyde group, but a —-СН»— 
group lies between the aldehyde and the aromatic ring. The product aldehyde results from 
oxidation of an alcohol that is the product of a Grignard reaction between formaldehyde 
and benzylmagnesium bromide. The Grignard reagent is formed from benzyl bromide, 
which results from treatment of benzyl alcohol with PBr3. Reduction of benzaldehyde 


19.39 
(a) 


yields the alcohol. 
An alternate route: 
| Й 
Ca 
CY (Ph) (Ph)gP CH сн, CH» 
1. BH3, THF 
2. НО), OH 
CH5CHO CH5CH50H 
Periodinane_ 
CHCl 


In this scheme, the intermediate alcohol results from hydroboration of a double bond that is 
introduced by a Wittig reaction between benzaldehyde and 
methylenetriphenylphosphorane. 


1. CH3M9Br 9H3 «ою, CH3 
2. aho DG т 


o 
Q 99 
ey l 
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When you see a secondary amine and a double bond, you should recognize an enamine. 
The enamine is formed from the amine and acetophenone. Acetophenone, in turn, results 
from reaction of benzaldehyde with methylmagnesium bromide, followed by oxidation. 


d СНВ CH —P(Ph 
ue (Ph)s EN 


Cyclopentanone 


2. ui : 
from (a) 


The trisubstituted double bond suggests a Wittig reaction. Reaction of cyclopentanone with 
the Wittig reagent formed from benzyl bromide (formed from benzaldehyde in (a)) yields 


the desired product. 


a) О (b) H OH (c) Q 

Noi O со 
HO CgHs (е) е) (f) | 

Ne O no reaction 


(h) 


19.40 


(g) 


О О 
wer + O АУ 
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19.41 
HO CH; 


) О Сна 
1.CHgMgBr.- _H30* 
2. zmo - 


1-Methylcyclohexene 


The methyl group is introduced by a Grignard reaction with methylmagnesium bromide. 
Dehydration of the resulting tertiary alcohol produces 1-methylcyclohexene. 


С 
: H 
1. CeHsMgBr 2 Нз0* 1 BH 0 у. e 
2. 2.H,0° 2. НО, OH 


and enantiomer 


CrO4 
H30* 


6Н5 
О 


2-Phenylcyclohexanone 


Reaction with phenylmagnesium bromide yields a tertiary alcohol that can be dehydrated. 
The resulting double bond can be treated with BH; to give an alcohol that can be oxidized 
to produce the desired ketone. 


H OH 
2. 2H pyridine. 2. 2 лено 


cis- Ei ,2-Cyclohexanediol 


Reduction, dehydration and hydroxylation yield the desired product. 


(d) 
OH MgBr HO 
1. ETE. 1. 1. Cyclohexanone 
2. 2. Mg, ether - ether 2. њо 
from (c) 1-Cyclohexylcyclohexanol 


A Grignard reaction forms 1-cyclohexylcyclohexanol. 
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Spectroscopy 
19.42 Use Table 19.2 if you need help. Only carbonyl absorptions are noted. 


Absorption: Due to: 
(a) 1750 cm! 5-membered ring ketone 
1685 стг! aJf-unsaturated ketone 
(b) 1720 cm"! 5-membered ring and 
aromatic ketone 
(c) 1750 стг 5-membered ring ketone 
(d) 1705 m 2720 стг!, 2820 em! aromatic aldehyde 
1715 cm aliphatic ketone 


Compounds in parts (b)-(d) also show aromatic ring IR absorptions in the range 1450 
стг! 1600 стг! and in the range 690-900 cm! 


19.43 
О 
H30* 
a: or 
OH 
СвН5 СвН5 
Сену B 
3-Hydroxy-3-phenyI- 
cyclohexanone 


Compound A is a cyclic, nonconjugated enone whose carbonyl infrared absorption should 
occur at 1715 ст. Compound B is an a,b-unsaturated, cyclic ketone; additional 
conjugation with the phenyl ring should lower its IR absorption below 1685 em |, 
Because the actual IR absorption occurs at 1670 cm, B is the correct structure. 


19.44 (a) IR shows that the unknown is a ketone, and IC NMR indicates that the carbonyl 
group is flanked by a secondary carbon and a tertiary carbon. 
(b) The unknown is an aldehyde and contains an isopropyl! group. 
(c) The IR absorption shows that this compound is an o,f-unsaturated ketone, and the 
molecular formula shows 3 degrees of unsaturation. The PC NMR spectrum indicates 3 
sp” -hybridized carbons and 3 secondary carbons. 


(a) О (b) «© о 
(СНз) СНССН,СНз (CH3)4CHCH5CHO 


19.45 Compound A has 4 degrees of unsaturation and is a five-membered ring ketone. The IG 
NMR spectrum has only three peaks and indicates that A is very symmetrical. 


О = | = О Compound А 
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19.46 As always, calculate the degree of unsaturation first, then use the available IR data to 
assign the principal functional groups. 


(a) B (b) 
a cll b a c || b 
CHgGHCCHg (CH3)3CCH»CCH3 
Cl 
a= 1.625 a= 1.025 
b= 2338 b= 2.128 
c= 4328 c= 2.338 
General Problems 
19.47 
(a) + BuLi + o 
(Ph)gP: + BrCH5OCH4 ——> (Ph)3PCH,0CH, Br ——» (Ph)gP —CHOCHg + LiBr 
(b) | эЛ 
С E (*н—он» 
on H H on 
+ v4 Hs Y, OCH3 C 9ens но г ОСНз HO ` 2 ОСНз 
H20—H' C H—C H -Ht 7 


Oso- d HO > QC 
нз + == но: == Ч 
6. 5. 
HOCH; + | 


Steps 1,4: Protonation. 
Step 2: Addition of water. 
Steps 3,6: Deprotonation. 
Step 4: Loss of CH3OH. 
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19.48 4-Hydroxybutanal forms a cyclic hemiacetal when the hydroxyl oxygen adds to the 


aldehyde group. 
S Poo 
HO H—A HO: H 
| C | c H D 
НС :О: HoC :OH 27 жү 
NEN SNA ТРЕ ON 
Fo ues 1. рт 2. аи 
/\ /\ /\ 
HH | онн HH 


Step 1: Protonation. 
Step 2: Addition of -OH. 
Step 3: Loss of proton. 


H4C—O 
он == TA en 
C H 
à HH + HzO" 
J hemiacetal 


Methanol reacts with the cyclic hemiacetal to form 2-methoxytetrahydrofuran. 


HC— O: Cuca ноС—О:—) , 
| \ бн / OH» 
НС. pod === НС. p \A a 
C H 1 C^ S 2 
/X ` I\ H ` 
HH HH 
H9C —O: 
H30 + NOG ae 4. 
/\ OCH, 
HH 


a cyclic acetal 


Step 1: Protonation. 

Step 2: Loss of water. 

Step 3: Addition of methanol. 
Step 4: Loss of proton. 


2-Methoxytetrahydrofuran is a cyclic acetal. The hydroxyl oxygen of 4-hydroxybutanal 
reacts with the aldehyde to form the cyclic ether linkage. 
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19.49 
H | = H | 
! H 
io b === “63149 C вес + Br + НО 
6Н5 ың eS СвН5 


Sn2 substitution of hydroxide ion on СН5СНВг» yields an unstable bromoalcohol 
intermediate, which loses Вг to give benzaldehyde. 


19.50 
:CN CN CN 
H3C ~ n. | HON ls 
C —- _| — Е u- 
CH» CH4CH4 CH3CH? 
нас H3C 
T СНаСНЬК i o | HON CH36Bos 
HgC~~ c 4G? ы! PGE шо > OHaCH2N Оң ‚ -CN 
НДӨН oe | [R 
-:CN S en 


Attack can occur with equal probability on either side of the planar carbonyl group to yield 
a racemic product mixture that is optically inactive. 


19.51 
Й i5 
C С 
Жс? “scoA 
Но“ | 
N i 4 
p NC —- — * C C 
X S67 Nscoa 1. | 2. E» ~p SOSA 
23 | HO A 
H20: H | T HH 
GC. C 
ы "c^ “Сод 
H5O* | 
| H 


Step 1: Conjugate addition of water. 
Step 2: Proton shift. 
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19.52 
SH 
(PLP) H (PLP) : (PLP) 
Ni M "NH; d 
———- 
R'O COS ^1. CO, 2. $ CO, 
HH H 
“NH3 
CO,” 


Step 1: Elimination to form the unsaturated imine. 
Step 2: Conjugate addition of cysteine to the imine. 


19.53 (a) Grignard addition to a conjugated ketone yields the 1,2 product, not the 1,4 product. 
LiAIH, reduces a ketone to an alcohol. The correct scheme: 


1, Li(CHg)gCu - н\н, 
2. 24,0° 


(b) Oxidation of an alcohol with acidic CrO3 converts primary alcohols to carboxylic acids, 
not to aldehydes. The correct scheme: 


Periodinane CH30H 
CgH5CH=CHCH20H “CHCl CgH5CH=CHCHO E Ii cu LIE 
22 


(c) Treatment of a cyanohydrin with H3O* produces a carboxylic acid, not an amine. The 
correct scheme: 


O OH OH 

[| HCN | 1. ШАНА | 

CH3CCH3 LÁ eyes “оно Cryer 
2 


CN CHNH> 
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19.54 
НС m СН» 
О | \ pg 
|| || HOCHCHOH О, О il 
CH3CCH2CH2COCH3 ғ 7 CH3CCH;CH2COCHs 
1. ЦАНА 
2. H30* 
1. DIBAH 
HoC— Сн 2. H30* HoC— rae 
І I 
О О BS О O 
Na Periodinane Nr 
CH3CCH,CH,CHO | ———— — CH3CCH5CH5CH50H 
Meurer 
| (CgHs5)3P — C(CH3)o 
HoC— СН» 
l \ О 
О О + || 


SZ H30 = 
CH3CCH2CH2CH=C(CH3)p —>=—> CH3CCH2CH2CH —C(CH3) 
6-Methyl-5-hepten-2-one 


The reaction sequence involves protecting the ketone, converting the ester to an aldehyde, 
using a Wittig reaction to introduce a substituted double bond, and deprotecting the ketone. 


19.55 The same series of steps used to form an acetal is followed in this mechanism. 


" H^ - m 
. a. m «05. ^ .. 
ʻO: KU ss HO "SCH5CHs HO :SCH5CHs 
HSCH»CH3 
—— > —— + НА 
1. 2. 3. 
= Н hemithioacetal 
Step 1: Protonation. Step 2: Addition of RSH. Step 3: Loss of proton. 
(~HA Г Р | 
HO: :SCH2CH3 но) SCH2CHs CHgCHoS 5 * H20 
Уо KY x 
— — HSCH5CHs 
x x Е = 
hemithioacetal Y | | д 
2 Н Е 
СС РА l+ ТАТ 
CH4CH5S: :SCH5CH4 CHa3CH5S: "SCH5CHs 
HA * — 
4. 
thioacetal Ё 


Step 1: Protonation. Step 2: Loss of water. Step 3: Addition of RSH. 
Step 4: Loss of proton. 
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19.56 Even though the product looks unusual, this reaction is made up of steps with which you 
are familiar. 


"е ИБ " - » 
Go: = "s :O: CH2- S(CH3)2 :O — CH» 
y^ ":CHSS(CHg)a ` (f ` 
z> == +18(CHg)o 
1. 22 


Step 1: Addition of ylide. 
Step 2: 542 displacement of dimethyl sulfide by O . 


19.57 
Ен t: 1 T 
"GO тон or ti: 
--С =” --C EE C + “ICN 
HC “су Сү | HC ом | 75 Hc. “сна 
НЗС Bio | A 
Step 1: Deprotonation by 'OH. 
Step 2: Elimination of CN. 
This sequence is the reverse of the mechanism shown in Section 19.6. 
Co: = | :0: см | HO CN 
СОТ :CN N N 
Но 
UR == + HO 
24 4. 


Step 3: Nucleophilic addition of cyanide 
Step 4: Protonation of tetrahedral intermediate. 


This step is a nucleophilic addition of cyanide. 
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19.58 
О 
О || 
| CCH5CH3 
AlCls 2. Eo e 


CHCH CH, 
MgBr < а 


N 1. Bro, FeBrg uU к TECHS 1-Рһепу1-1-ргорапо1 


2. Мо, еїһег 2. H30 


OH Br MgBr 


| | 
CHCHCH, CHCH CH, CHCH CH, 
РВгз _Mg, ether _ ether CY 
——ь» 


CHCH5CH 
i. 1. ether peers 
+ c=0 ———> =б—=—с—= 
2. НО? HO—C—C—H 
(CH3)aNCH2CH20 (CH3)&NCH5CH5O 
кы 


_H30" 4 
(CH3)2NCH2CH2O Tamoxifen 

When you see a product that contains a double bond, and you also know that one of the 
starting materials is a ketone, it is tempting to use a Wittig reaction for synthesis. In this 

case, however, the tetrasubstituted double bond can't be formed by a Wittig reaction 

because of steric hindrance. The coupling step is achieved by a Grignard reaction between 

the illustrated ketone and a Grignard reagent, followed by dehydration. The Grignard 


reagent is synthesized from 1-phenyl-1-propanol. which can be prepared from benzene by 
either of two routes. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


510 Chapter 19 


19.59 
H—A Hee d PPS 
Sf GU a Be din sal 
[ == ГУЗ. E pc С 
20x 1 „С O=C 2) H c^ E PAON 
HaC^ ^H HC^ ^H" л 37 / +07 CHa 
L CH i) : 
IE 
H CH A H CH CH 
HA + \ Fs ( us iS MN ee 
DN Howe Cy CORO y 
O^ "0 Oi `O OH GO 
NEGET. — CN JANE Haa 
heen- 5 Imong eH 4 eeng ин 
H rm CH3 CH3 H CH3 


Paraldehyde 


Step 1: Protonation makes the carbonyl carbon more electrophilic. 
Steps 2,3,4: Three successive additions of the carbonyl oxygen of acetaldehyde to the 
electrophilic carbonyl carbon, followed by loss of a proton (Step 5), give the cyclic 


product. 
19.60 
О 
N / \/ и ll 7 АҚОН)з 
COAL. pu ^l + CHgCCHg + 
:О n Co; Ce о: H HO H 
^ C(CH3) о + 
pic om H30 
1 2. 3 


Step 1: Aluminum, a Lewis acid, complexes with the carbonyl oxygen. 

Step 2: Complexation with aluminum makes the carbonyl group more electrophilic and 
facilitates hydride transfer from isopropoxide. 

Step 3: Treatment of the reaction mixture with aqueous acid cleaves the 
aluminum-oxygen bond and produces cyclohexanol. 


Both the Meerwein-Ponndorf-Verley reaction and the Cannizzaro reaction are hydride 
transfers in which a carbonyl group is reduced by an alkoxide group, which is oxidized. 
Note that each aluminum triisopropoxide molecule is capable of reducing three ketone 
molecules. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


Aldehydes and Ketones: Nucleophilic Addition Reactions 511 


19.61 (a) Nucleophilic addition of one nitrogen of hydrazine to one of the carbonyl groups, 
followed by elimination of water, produces a hydrazone. 


gu MA OF OH | 
| II e q II q 
C C D C C ae 
HaC^ ^G^ ^CH& 1. |HsC^ ^G^ WOHg 5 нс” “с^ \ CH 
Л Л Бе 
HH HH Ре 2 oe 
UO n HON ы; i (La. 
Q NS :OH :OH 
ng П <? П 
H3C C CH3 5 H3C C iN CH3 4 H3C C x CH3 
^ А Сем мн \ HN—NH 
HH HH 2 HH 2 
E | | 
7 ном. 
"9 | 
C C + HA 
H3C~ “с^ “сн, 
А hydrazone 


(b) In a similar manner, the other nitrogen of hydrazine can add to the other carbonyl group 
of 2,4-pentanedione to form the pyrazole. 


H—A | H4 5 
RO Me ме н, 
О М: HO Lu 
їй d |) || HOS ON 
и М vex oom ZN --—— и М Pocos 
E HIC OCI DCH 2. Hg С^ CH 
HH HH HH | 
nee n H \р 
CNN ps ET 
f \ M Y но: МА 
H2O. E: N 
HIC Dc “сн PADON NET —— P oU cx 
qe qm з 5 HC OK 4. нс” “67 `Ch 
> HH HH Vr а 
-ai A H 
s 3 
:N—N: 
/ \ + НА 3,5-Dimethylpyrazole 
C C 
Hac ^ Ed “CH, 
H 


The driving force behind this reaction is the formation of an aromatic ring. The reactions in 
both parts of this problem are nucleophilic addition of a primary amine (Step 2), followed 
by elimination of water to yield an imine or enamine (Step 5). All of the other steps are 
protonations (Steps 1,4) and deprotonations (Steps 3,6). 
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19.62 The same sequence of steps used in the previous problem leads to the formation of 3,5- 
dimethylisoxazole when hydroxylamine is the reagent. Loss of a proton in the last step of 
(b) results in a ring that is aromatic. 


z уз, CX 1 + T 4l 
q a 75] 9 чн S 
C C = C C mL C 
Hgc^ "c^ он Ga. [Hae Q^ NOH, 2s Hi^ OC NOB 
Д n jm m 
HH HH 4 HH HaN 
= HəN — OH Xp 
H20 + НЫ рч = А + . X err 
з o = 
С С x C C = C 
Hae" "6^ “она 5. Hc - C NOH 4. Hg ^ c^ Хен 
P ^ CN. oH I uN—OH 
HH HH UN HH 
E i | 
HO 
N 
Q 
i ll + HA 
H3C~ `7 `Снз 
HH oxime 
b PA 5 
(b) HO. HO i: n 
NT | (ng | He M 
œc z> C C = C 
a 
H3C~ `7 ``Снз 1. H3C~ `7 “сну 2 H3C~ ЕИ “снз 
HH HH H 


е же 
HaC^ 7 G^ "CH / "C^ "CH. 4. нс” ^G^ СОН 
3 CK 3 5. HC 3 3 Á 3 
- CADCORHH HH HH : 
6.) 
tO—N 
| \ + HA  35-Dimethylisoxazole 
С 
H3C~ 797 "CH; 
H 
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19.63 
Go: R z R' H H 
c: X HN. E rotate H-X C--H ‘o C 
2-22 V>-p “C—C~. 1 PU UxOT = 
Н+ vh 1. / v R' 180° PRANS 3. 
) (Php Н 2, (PhgP, 203 po 
(Ph)sP: - 
(Ph)jP—o 


Step 1: Addition of the phosphine nucleophile. 
Step 2: Rotation of C-C bond. 
Step 3: Elimination of triphenylphosphine oxide. 


The final step is the same as the last step in a Wittig reaction. The same series of steps 
converts a trans alkene to a cis alkene. 


19.64 


HO—QIH + :0H === = :0-0H + нњо: 


Hydrogen peroxide and hydroxide react to form water and hydroperoxide anion. 


Conjugate addition of hydroperoxide anion (Step 1) is followed by elimination of 
hydroxide ion, with formation of the epoxide ring (Step 2). 
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19.65 
NAD* н К N: Base NADH А 
NH 
Ж (A 5 t Gi 
—————————- 
_ AX = oxidation of = = 
O20 ro the amine by ое N m 
Glutamate NAD+ H20: imine 
addition of 
water to form a 
tetrahedral 
a NAg intermediate : NH2 
= Е я — 
"oo |. | 23 КЕ МИ Ж 
H о:2 proton shift 2 HO" 2 
loss of | 
ammonia y ws 
Y» H : Base 
POS О 
—— t 
TOC CO,” deprotonation TOC COS. 
+ NH, a-Ketoglutarate 


19.66 The molecular weight of Compound A shows that the molecular formula of A is С5Н О 
(one degree of unsaturation), and the IR absorption shows that A is an aldehyde. The 
uncomplicated 'H NMR is that of 2,2-dimethylpropanal. 


Ї 


1.28 Compound A 


19.67 The IR of Compound B shows a ketone absorption. The splitting pattern of the IH NMR 
spectrum indicates an isopropyl! group and indicates that the compound is a methyl ketone. 


2.4 6 О 


МЇ 
SH eta = 216 


CH3 


1.28 Compound B 
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19.68 Before looking at the IH NMR spectrum, we know that the compound of formula C9H490 
has 5 degrees of unsaturation, and we know from the IR spectrum that the unknown is an 
aromatic ketone. The splitting pattern in the ІН NMR spectrum shows an ethyl group next 
to a ketone, according to chemical shift values. 


O 
Д 


C 
NCH2CH3 


19.69 The IR absorption is that of an aldehyde that isn't conjugated with the aromatic ring. The 
two triplets in the ІН NMR spectrum are due to two adjacent methylene groups. 


CH»CHCH 
19.70 
(a) (b) 
Oa ен - 1448 IN 
b= 4.088 Heo. eed 
cd = 6.98 à КА Е 
Ба 7.81 8 H CH3 
e = 9.87 8 
b a a= 1.868 
OCH2CH3 b,c = 6.00 ô, 6.318 
d= 9.578 
19.71 
о T 
C )—омюрв (CH30)2CHCH2CCH;3 
c b a c db a 
CAR. ue dit а= 2185 
b= 2.478 Bc S D 
c= 3.66 CONSO 
d- 7286 d- 4796 
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19.72 
CH30 a 
СНО. 0 CH30. о » N40 
TS 2 снн, C^ CHgNH e C^ 
CH3NH> 22 m 
` = ж: 
I Eu l. Í HgC 2. HgC 
Cus ` 
CH30 7 NN CHO `0 сно” “0 
E 
CHOH нс " r СНОН .._ сно: ue 
* N—c^7 Haee ey НзС. + бе 
НзС == == 
5. НЗС 4. 
H3C 
C С 
сно“ “о CH,0~ "o CH30^ ^o 


In this series of reactions, conjugate addition of an amine to an a,p-unsaturated ester (Step 
1) is followed by nucleophilic addition of the amine to a second ester (Step 3), with loss of 
methanol (Step 5). The other two steps are proton transfers. 


19.73 Some hydrogens have been omitted to make the drawing less cluttered. 


CH5OH С Анон CH5OH +5 + OH 
HO (A » HO ZH 
HO H HO H 
OH OH 
е9] || -:ф:2 + H30* 
a HEA ВА 
CHOH .. :OHo CHOH .. 
oe Q 
HO (ee " rotation НО pos 
HO с=О: = HO с=Н 
oH T U OH j| 
|| H X; 
CH20H | ^ . CHOH .. + H30* 
HO Он ^:0H85 HO A 
HO c-9'1 => НО СОН 
OH | H — OH OH | |. 
H CA H + OH 


In this series of equilibrium steps, the hemiacetal ring of a-glucose opens to yield the free 
aldehyde. Bond rotation is followed by formation of the cyclic hemiacetal of £-glucose. 
The reaction is catalyzed by both acid and base. 
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19.74 The free aldehyde form of glucose (Problem 19.73) is reduced in the same manner 
described in the text for other aldehydes to produce the polyalcohol sorbitol. 


OH 
H3O* | 
D HOCH2CHCHCHCHCH2OH 
HO OH OH 
Glucose Sorbitol 


19.75 The first step of this reaction is the familiar nucleophilic addition to form a carbinolamine, 
which loses water to form an imine. This mechanism has been illustrated many times in 
Chapter 19. The remaining steps are deprotonations and protonations, plus loss of N5, that 
lead to formation of the allylic alcohol. 


СНз CH3 


CH3 
HoNNH> Lp 
—* Z> 
O IN S 
| (. O 


(* 
\ 
О О 
NO N 
H^ “н H! | H—A 
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Chapter 20 — Carboxylic Acids and Nitriles 


Chapter Outline 


I. General information about carboxylic acids and nitriles (Sections 20.1—20.4). 
A. Naming carboxylic acids (Section 20.1). 
1. Noncyclic carboxylic acids are named by replacing the -e of the corresponding 
alkane by -oic acid. The —CO?H carbon is numbered СІ. 
2. Compounds that have a carboxylic acid bonded to a ring are named by using the 
suffix -carboxylic acid. The -CO,H carbon is bonded to СІ. 
3. Many carboxylic acids have historical, nonsystematic names. 
B. Naming nitriles. 
1. Simple nitriles are named by adding -nitrile to the alkane name. 
a. The nitrile carbon is Cl. 
2. More complex nitriles are named as derivatives of carboxylic acids by replacing -oic 
acid by -onitrile or by replacing -carboxylic acid by -carbonitrile. 
a. The nitrile carbon is bonded to C1. 
C. Structure and properties of carboxylic acids (Section 20.2). 
1. The carbonyl group of carboxylic acids is sp^-hybridized and planar. 
2. Carboxylic acids are strongly associated because of hydrogen bonding, and their 
boiling points are elevated. 
D. Carboxylic acid acidity (Sections 20.2—20.4). 
1. Dissociation of carboxylic acids (Section 20.2). 
a. Carboxylic acids react with bases to form salts that are water-soluble. 
b. Carboxylic acids dissociate slightly in dilute aqueous solution to give H3O* and 
carboxylate anions. 
i. The К, values for carboxylic acids are near 107°, making them weaker than 
mineral acids but stronger than alcohols. 
c. The relative strength of carboxylic acids is due to resonance stabilization of the 
carboxylate anion. 
i. Both carbon-oxygen bonds of carboxylate anions are the same length. 
ii. The bond length is intermediate between single and double bonds. 
2. Biological acids: the Henderson-Hasselbalch equation (Section 20.3). 
a. The pH of biological fluids (7.3) determines the ratio of dissociated (A ) to 
nondissociated (HA) forms of carboxylic acids. 
b. This ratio can be calculated by using the Henderson-Hasselbalch equation. 


c. At physiological pH, carboxylic acids are almost completely dissociated. 
3. Substituent effects on acidity (Section 20.4). 
a. Carboxylic acids differ in acid strength. 
1. Electron-withdrawing groups stabilize carboxylate anions and increase 
acidity. 
ii. Electron-donating groups decrease acidity. 
b. These inductive effects decrease with increasing distance from the carboxyl 
group. 
c. Substituent effects in substituted benzoic acids. 
i. Groups that are deactivating in electrophilic aromatic substitution reactions 
increase the acidity of substituted benzoic acids. 
ii. The acidity of benzoic acids can be used to predict electrophilic reactivity. 
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II. Carboxylic acids (Sections 20.5—20.6). 
A. Preparation of carboxylic acids (Section 20.5). 
1. Methods already studied. 
a. Oxidation of substituted alkylbenzenes. 
b. Oxidation of primary alcohols and aldehydes. 
2. Nitrile hydrolysis. 
a. Nitriles can be hydrolyzed by strong aqueous acids or bases to yield carboxylic 
acids. 
b. The sequence nitrile formation — nitrile hydrolysis can be used to prepare a 
carboxylic acid from a halide. 
c. This method is generally limited to compounds that can undergo 52 reactions. 
3. Carboxylation of Grignard reagents. 
a. A Grignard reagent can be treated with CO» and protonated to form a carboxylic 
acid. 
b. This method is limited to compounds that don't have other functional groups 
that interfere with Grignard reagent formation. 
B. Reactions of carboxylic acids (Section 20.6). 
1. Carboxylic acids can undergo some reactions typical of alcohols and ketones. 
2. Other types of reactions of carboxylic acids: 
a. Alpha substitution. 
b. Deprotonation. 
c. Nucleophilic acyl substitution. 
d. Reduction. 
III. Chemistry of nitriles (Section 20.7). 
A. Preparation of nitriles. 
1. Nitriles can be prepared by 532 reaction of CN with a primary alkyl halide. 
2. They can also be prepared by SOCI? dehydration of primary amides. 
B. Reactions of nitriles. 
1. Nitriles can react with nucleophiles via sp’-hybridized imine intermediates. 
2. Aqueous base hydrolyzes nitriles to carboxylates, plus an amine/ammonia. 
a. The reaction involves formation of a hydroxy imine that isomerizes to an amide, 
which is further hydrolyzed to the carboxylate. 
b. Milder conditions allow isolation of the amide. 
3. Nitriles can also be hydrolyzed to carboxylic acids under acidic conditions. 
4. LiAlHy reduces nitriles to primary amines. 
5. Reaction of a nitrile with Grignard reagents yields a ketone. 
IV. Spectroscopy of carboxylic acids and nitriles (Section 20.8). 
A. Infrared spectroscopy. 
1. The O-H absorption occurs at 2500—3300 стг! that is broad and easy to identify. 
2. The C=O absorption occurs at 1710—1760 cm Ж 
a. The position of this absorption depends on whether the acid is free (1760 ст 5 
or associated (1710 ст). 
3. Nitriles have an intense absorption at 2250 стг! that readily identifies them. 
B. NMR spectroscopy. 
1. PCNMR spectroscopy. 
a. Carboxylic acids absorb between 165-185 8. 
b. Saturated acids absorb downfield from o;fr-unsaturated acids. 
с. Nitrile carbons absorb in ће range 115-130 6. 
2. 'H NMR spectroscopy. 
a. The carboxylic acid proton absorbs as a singlet at around 12 6. 
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20.1 


20.2 


20.3 


Chapter 20 


Solutions to Problems 


Carboxylic acids are named by replacing -e of the corresponding alkane with -oic acid. The 
carboxylic acid carbon is Cl. 

When-CO>H is a substituent of a ring, the suffix -carboxylic acid is used; the carboxyl 
carbon is not numbered in this system. 


a b c 
Gu 9 (b) я o (с) 2. 
CH4CHCH5COH CH3CHCH5CH5COH CH3CH2CHCH5CH5CHs 
3-Methylbutanoic acid 4-Bromopentanoic acid 2-Ethylpentanoic acid 
OM, 4 (e) (f) 
\ / H H 
„ү O 
/ N 
H3C СН»СН»СОН CH4CHCH5CHCH3 НОС СОН 
(Z)-4-Hexenoic acid 2,4-Dimethylpentanenitrile cis- 1,3-Cyclopentane- 
dicarboxylic acid 
(a) ен; ©) о 
ОБОО анор CH3CHCH3CH2CO2H 
CH3 
2,3-Dimethylhexanoic acid 4-Methylpentanoic acid 
(c) (d) 
НОС, H COH 
Hw — L4 CO5H 
OH 
trans-1,2-Cyclobutanedicarboxylic acid o-Hydroxybenzoic acid 
(e) 
=== = COH 


(9Z,12Z)-9,12-Octadecadienoic acid 


2-Pentenenitrile 


Naphthalene is insoluble in water and benzoic acid is only slightly soluble. The salt of 
benzoic acid is very soluble in water, however, and we can take advantage of this 
solubility in separating naphthalene from benzoic acid. 

Dissolve the mixture in an organic solvent, and extract with a dilute aqueous solution of 
sodium hydroxide or sodium bicarbonate, which will neutralize benzoic acid. Naphthalene 
remains in the organic layer, and all the benzoic acid, now converted to the benzoate salt, is 
in the aqueous layer. To recover benzoic acid, remove the aqueous layer, acidify it with 
dilute mineral acid, and extract with an organic solvent. 
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20.4 
Ka 

CloCHCOZ7H + HO => СЬОНСО» + H30* 

rad + 
Ka = (CpCHCOz [HSO*| _ „зр 19-2 

| CloCHCO2H] 

Initial molarity Molarity after dissociation 

ClCHCO;- 0 y 
H30* 0 у 


Ka =Y = 332x10? 
0.10- y 


Using the quadratic formula to solve for y, we find that y 2 0.0434 M 


Percent dissociation — 0.0434 M x 100% = 43.4% 


0.1000 M 
20.5 Use the Henderson—Hasselbalch equation to calculate the ratio. 
(a) z 
log —— = pH- рк, = 4.50 -3.83 = 0. 
og [HA] pH - pKa 50 8 0.67 
1x3 = antilog (0.67) = 4.68: [AT] = 4.68 [HA] 
[HA] 


[HA] + [A7] = 100% 
[HA] + 4.68 [HA] = 5.68 [HA] = 100% 
[HA] = 100% + 5.68 = 18% 
[A7] = 100% — 18% = 82% 
82% of 0.0010 M glycolic acid is dissociated at pH = 4.50 


(b) 
log —— = pH -pKa = 5.30— 4.87 = 0.43 
[A7] | e 
[HAI = antilog (0.43) = 2.69: [A7] = 2.69 [HA] 


[HA 
[HA] + [A7] = 100% 


[HA] + 2.69 [HA] = 3.69 [HA] = 100% 
[HA] = 100% + 3.69 = 27% 


[A7] = 100% — 27% = 73% 
73% of 0.0020 M propanoic acid is dissociated at pH = 5.30. 
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20.6 You would expect lactic acid to be a stronger acid because the electron-withdrawing 
inductive effect of the hydroxyl group can stabilize the lactate anion. 


20.7 
HO HO on HO 
с d = E c c ч >» Hn d 
// \ Ho = нз ON / \ 
О OH О О on 


The pK; of oxalic acid is lower than that of a monocarboxylic acid because the 
carboxylate anion is stabilized both by resonance and by the electron-withdrawing 
inductive effect of the nearby second carboxylic acid group. 


HO O О О О О 
\ / F N / \ / 
C—C + НО ч” H30 t C—C =~, C—C 
// \ // N / \ 

О О О О О О 


The pK; of oxalic acid is higher than рК, because an electrostatic repulsion between the 
two adjacent negative charges destabilizes the dianion. 


20.8 A pK, of 4.45 indicates that p-cyclopropylbenzoic acid is a weaker acid than benzoic acid. 
This, in turn, indicates that a cyclopropyl group must be electron-donating. Since electron- 
donating groups increase reactivity in electrophilic substitution reactions, 
p-cyclopropylbenzene should be more reactive than benzene toward electrophilic 
bromination. 


20.9 Remember that electron-withdrawing groups increase carboxylic acid acidity, and electron 


donating groups decrease carboxylic acid acidity. Benzoic acid is more acidic than acetic 
acid. 


Least acidic ———————————> Most acidic 


a 
@) COH COH COH 
H3C Cl 


(0 сон СОН 


CH3CO5H « « 
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20.10 In part (a), Grignard carboxylation must be used because the starting materials can't 
undergo 532 reactions. In (b), either method can be used. 


(a) 1. Mg, ether 
(CH34CCI 002808, (CH4)4CCOSH 
———————- 
3/3 3. H40* 3/3 2 
(b) 1. Mg, ether 
CHacH cha 2 СО2гепег E e 
r SS. Or 
3112 2 3. H30* 2. H3O* 3112 2 2 
20.11 
1. Mg, ether 
— Tr 
3. H90* | 
1. LiAIH4 
Or ol 
2. H90* 
1. NaCN 


= 
2. HO 


The alcohol product can be formed by reduction of a carboxylic acid with LiAIH4. The 
carboxylic acid can be synthesized either by Grignard carboxylation or by nitrile 
hydrolysis. The product can also be formed by a Grignard reaction between benzyl 
bromide and formaldehyde. 


20.12 
1. Mg, ether 
CH4OH сн,вг 2: СО2, ether, сн,со,н CH5CH50H 
ix PBra 2 D 88 2 1. LIAIH4 A 
2. 2.Hy0* — 
1. Л. Маси — 
2. 2.Hg0* — 


After treating the initial alcohol with PBr3, the same steps as used in the previous problem 
can be followed. A Grignard reaction between the cycloalkylmagnesium bromide and 
formaldehyde also yields the desired product. 


20.13 
(a) 
uo 1. CHS3CHoMgBr d 
CH4CH5C =N етк т тыг”, CH3CH5CCH5CH3 
2. ЊО 


This symmetrical ketone can be synthesized by a Grignard reaction between propanenitrile 
and ethylmagnesium bromide. 
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20.14 


20.15 


20.16 


Chapter 20 

(b) C=N О 
1. CH3MgBr | 
= 
2. H20 “сн 

OoN or 3 
1. p7 OoNCgHsMgBr 
CH3C=N ON 


2. H20 


p-Nitroacetophenone can be synthesized by either of two Grignard routes. 


I 
CHBr CHCN CHəCCH2CH3 


-— eS 
2. НО 


]-Phenyl-2-butanone 


Once you realize that the product results from a Grignard reaction with a nitrile, this 
synthesis is easy. 


Ко 1715 cm"! 
OZ 3300-3400 cm-! e-( =o 1710 ст-! 
OH 2500-3300 cm-! 


The positions of the carbonyl absorptions are too similar to be useful. The -OH 
absorptions, however, are sufficiently different for distinguishing between the compounds; 
the broad band of the carboxylic acid hydroxyl group is especially noticeable. 


ІН NMR: 


О -— 2.0-2.3 ô 
/ 3.5—4.5 8 —— Н 

en О 
OH -— 125 HO 


The distinctive peak at 12 à serves to identify the carboxylic acid. For the hydroxyketone, 
the absorption of the hydrogen on the oxygen-bearing carbon (3.5—4.5 8) is significant. 
The position of absorption of the hydroxyl hydrogen is unpredictable, but addition of D20 
to the sample can be used to identify this peak. 


IC NMR: 
50—60 5 


о 
/ 

[ 5-4 180 à eM Ko 
OH 


The positions of the carbonyl carbon absorptions can be used to distinguish between these 


two compounds. The hydroxyketone also shows an absorption in the range 50—60 ô due to 
the hydroxyl group carbon. 
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Visualizing Chemistry 


20.17 


(a) (b) H (с) 
HOC | 


H4C C 
3 "e^ "COH [ә 


ОСНЗ сн, 


Вг 


3-Bromo-4-methoxybenzoic acid 3-Methyl-2-butenoic acid 1,3-Cyclopentadiene- 
carboxylic acid 


(d) OH 


\ So 
H3C H 
(S)-3-Cyclopentyl-2- 
methylpropanoic acid 


20.18 


@) COH e COH 


(a) p-Bromobenzoic acid is more acidic than benzoic acid because the electron-withdrawing 
bromine stabilizes the carboxylate anion. 

(b) This p-substituted aminobenzoic acid is less acidic than benzoic acid because the 
electron-donating group destabilizes the carboxylate anion. 


20.19 
H H H3C CH H H нс CH 
КЕ AE 3 КЕ 33; 3 
С С 
HO^ “с^ “сон но“ “с^ “вг 
A гр 
HH HH 


Nitrile hydrolysis can't be used to synthesize the above carboxylic acid because the tertiary 
halide precursor (shown on the right) doesn't undergo 542 substitution with cyanide. 
Grignard carboxylation also can't be used because the acidic hydroxyl hydrogen interferes 
with formation of the Grignard reagent. If the hydroxyl group is protected, however, 
Grignard carboxylation can take place. 


20.20 The electrostatic potential maps show that the aromatic ring of anisole is more electron-rich 
(red) than the aromatic ring of thioanisole, indicating that the methoxyl group is more 
strongly electron-donating than the methylthio group. Since electron-donating groups 
decrease acidity, p-(methylthio)benzoic acid is likely to be a stronger acid than p- 
methoxybenzoic acid. 
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Additional Problems 


Naming Carboxylic Acids and Nitriles 


20.21 
@ сон Сон 
CH3CHCH2CH5CHCHs 


2,5-Dimethylhexanedioic acid 


(c) 
NC COH 


m-Cyanobenzoic acid 


e 
(©) оң, 
CHSCCN 
CH3 
2,2-Dimethylpropanenitrile 
(g) Br 
| 
BrCH5CHCH5CH5CO5H 
4,5-Dibromopentanoic acid 
20.22 


(a) H 
СОН 


ЬЯ CO5H 
H 


b 
(b) он; 
©наССО;н 


CH3 
2,2-Dimethylpropanoic acid 


(d) 
COH 


(E)-2-Cyclodecenecarboxylic acid 


(0 CH2CO2H 
CH3CH»CH»CHCH»CH 3 


3-Ethylhexanoic acid 


Cy? 


2-Cyclopentenecarbonitrile 


(h) 


(b) 


HO5CCH5CH5;CH5CH5CH2CO5H 
Heptanedioic acid 


cis-1,2-Cyclohexanedicarboxylic acid 


(c) 


CH3C = CCH — CHCO;H 


2-Hexen-4-ynoic acid 
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«D Снан ÇH2CHəCH3 
CH3CH3CHo9CH2CHCH5CHCO2H 
4-Ethyl-2-propyloctanoic acid 
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(e) TNT (f 
(CgHs5)3CCO>H 
Triphenylacetic acid 
COH 
C 3-Chlorophthalic acid 
(2) (h) 9 
C CN 
ФЕ 
2-Cyclobutenecarbonitrile m-Benzoy|benzonitrile 
20.23 
a 
@) (Ha (Ha 
CH3CH2CHsCHsCH2COsH  CH3CH2CHə2CHCOH CH3CH2CHCH5CO5H 
Hexanoic acid 2-Methylpentanoic acid 3-Methylpentanoic acid 
CH d avita itg 
CH4CHCH5CH5CO5H CH4CH5CHCOSH снзснгссогн 
4-Methylpentanoic acid 2-Ethylbutanoic acid CH3 
2,2-Dimethylbutanoic acid 
ties ie 
SEGEHOHOOOH Chiat CHCLN 
CH3 CH3 
2,3-Dimethylbutanoic acid 3,3-Dimethylbutanoic acid 
(b) њ 
ФЕ НьС==СНСН»ОСНЬСМ H C= CCHCN 
Cyclobutanecarbonitrile 4-Pentenenitrile 3-Methyl-3-butenenitrile 
Other nitriles with the formula C5H7N can also be drawn. 
20.24 


Н Мн, 
/ 


Pregabalin 


COH 
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20.25 


HO H 
(2R,3S)-3-Carboxy-2-hydroxypentanedioic acid 


Acidity of Carboxylic Acids 
20.26 


Less acidic | ——————————————— More acidic 


(a) CH4CO2H < HCO;H <  HO$5C—CO5H 
Acetic acid Formic acid Oxalic acid 


(b) p-Bromobenzoic acid <  p-Nitrobenzoic acid <  2,4-Dinitrobenzoic acid 


(weakly electron- (strongly electron- (two strongly elec- 
withdrawing withdrawing tron-withdrawing 
substituent) substituent) substituents) 


(c) FCHsCHsCOsH < ІСН,СОН < FCH COH 


In (c), the strongest acid has the most electronegative atom next to the carboxylic acid 
group. The next strongest acid has a somewhat less electronegative atom next to the 


carboxylic acid group. The weakest acid has an electronegative atom two carbons away 
from the carboxylic acid group. 


20.27 Remember that the conjugate base of a weak acid is a strong base. In other words, the 
stronger the acid, the weaker the base derived from that acid. 


Less basic | ————— — — — — — —» More basic 
(a  Mg(OAga < Mg(OH) < НС MgBr 
Acetic acid is a much stronger acid than water, which is a much, much stronger acid than 


methane. The order of base strength is just the reverse. 


(b) Sodium p-nitrobenzoate < Sodium benzoate < HC=C Na* 


p-Nitrobenzoic acid is stronger than benzoic acid, which is much stronger than acetylene. 


(c) HCO, Li* < HO Li* < CH3CH5O Li* 
LiOH and LiOCH2CHs3 are very similar in basicity. 


20.28 (a) K,=84x 10^ for lactic acid 
pK, = -log (8.4 x 10+) = 3.08 


(b K,=5.6x 1076 for acrylic acid 
pK, = -log (5.6 x 10-9) = 5.25 
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20.29 (a) pK, = 3.14 for citric acid 
Ka = 10°14 = 7.2 x 10 


(b) pKa = 2. 98, for tartaric acid 
Ka = 10-7 = 1.0 x 10° 


20.30 


] 
log HA] = pH- pK4 = 3.00 – 3.42 = -0.42 
Is = antilog (-0.42) = 0.38: [A^] = 0.38 [HA] 
[HA] 
[HA] + 0.38 [HA] = 1.38 [HA] = 100% 


[HA] = 100% + 1.38 = 72% 
[A^] = 100% – 72% = 28% 
At pH = 3.00, thioglycolic acid is 28% dissociated. 
20.31 


logra; = PH- pKa = 600-561 = 0.39 


[HAI = antilog (0.39) = 2.45: [AT] = 2.45 [HA] 


[HA] + 2.45 [HA] = 3.45 [HA] = 100% 


[HA] 100% + 3.45 = 29% 
[A7] = 100% — 27% =71% 


At pH = 6.00, uric acid is 71% dissociated. 


Uric acid is acidic because the anion formed by dissociation of any of the three hydrogens 


is stabilized by resonance. An example of a resonance form: 
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20.32 Inductive effects of functional groups are transmitted through o bonds. For oxalic acid, the 
electron-withdrawing inductive effect of one carboxylic acid group decreases the acidity of 
the remaining group. However, as the length of the carbon chain increases, the effect of 
one functional group on another decreases. In this example, the influence of the second 
carboxylic acid group on the ionization of the first is barely felt by succinic and adipic 
acids. 


Reactions of Carboxylic Acids and Nitriles 


20.33 
a 
(a) 1. ШАНЫ 
CH4CH2CH5CO5H x CH4CH5CH5CH50H 
2. H30 
]-Butanol 
() PB 
[3 
CH3CH5CH5CH25OH СНзСН»СН»СН»Вг 
from (a) 1-Bromobutane 
2 1. NaCN 
СНзСН»СН»СН»Вг + CH3CH3CH52CH5CO5H 
2. H3O ce 
from (b) Pentanoic acid 


Grignard carboxylation can also be used. 


(d) 
K* OC(CHg)s 
СНзСН»СН»СН»Вг ————M- CH3CH53CH = СН» 


from (b) ]-Butene 
(e) 
2 Li 2 Cul аф 
СНзСН»СН»СН»Вг — 2 CH3CH5CH5CHo5 Li —Ó (CH3CH5CH5CH5)oCu Li 
from (b) 


(CH3CH2CH5CH5)sCu Li* + CH3CH2CH2CHə2Br = CH3(CH2)gCH3 
Octane 
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20.34 
(a) сто; 
CH3CH5CH5CH52OH "m CH3CH5CH5CO5H 
3 
b 
(b) NaOH CrO3 
3 
(c) 1. BH3, THF CrO3 
CH4CH5CH = CH5 БНО OH. CH3CH5CH5CH5OH но?” CH3CH5CH5CO5H 
(d) 
1. NaCN 
CH3CH3CHoBr SEED Ed CH4CH5CH5CO5H 
2. H30 
or 
1. Mg, ether 
2. CO», ether 
CH3CH2CH2Br оиса es CH4CH5CH5CO5H 
H30 
(e) KMnO, 
CH3CH»CH»CH =CHCH2CH>CH3 S 2 CH3CH»CHsCO>H 
3 
20.35 
(a) NaOH 1. LiAIH4 
CH3CHaCHoCN — CH3CH5CH5CO5H ———- CH3CH5CH5CH5OH 
НО 2. H30* 
(b) 
1. ШАНА 
2 
(c) 
1. (CH3)>CHMgBr П 
CH3CH5CH5CN a rr CH3CH5CH5CCHCH3 
CH3 
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20.36 
(a) сн Оон 


COH 
CHC! KMnO, Clo 
——M- ———— ————— 
AlCl H20 FeCls 
Cl 


m-Chlorobenzoic acid 


(b) CH3 нз Оон 
——— ————— ———- 
AICI4 FeBra H20 


(c) CH3 CHBr CH5CO;H 


CHaCI NBS 1. NaCN 
АСВ (РАСО) 2. Hg" 


Phenylacetic acid 


Alternatively, benzyl bromide can be converted to a Grignard reagent, poured over CO», 
and the resulting mixture can be treated with aqueous acid in the last step. 


20.37 


= CCl4 1 ) 
reo) cost 
| “Ы (©) 1. CHgMgBr 
p-Methylbenzoic H3C COH 


2 + 
acid 2. H3O 


(d) KMnO, 
0 CO>H 


In (c), the acidic proton reacts with the Grignard reagent to form methane, for no net 
reaction. 
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20.38 
(a) 13 
Mg, eth 1. СО», ether 
снаснВг —2 ^ ^ X. снасн,Мовг LN RE CH3CH3? сон 
3 
(b) 
Mg 1.18СОр, eter — 4 1. LiAIH4 18 
ether 2. H30 2. H30 
m 
1. СО», ether M 
13 2 13 g 13 
CH3“ CH59CO5H  -— ——— — — _ CH.” CHoMgBr -——— CH4'CH5B 
3 SUE 2. H30* 3 2:97 ether s 27 
€ 
H CHOH CH3Br CH5CO5H 


1. BH} THF — PBrg насб... 
2. 2. но» OH TOH 2. 2.Hy05 — 


Grignard carboxylation can also be used to form the carboxylic acid. 


CH2 НС Br H3C MgBr H3C COH 


HBr Mg 1. 1. CO9, ether _ ether 
—- — 
ether 2. 2.Hj0* 


Only Grignard carboxylation can be used because “CN brings about elimination of the 
tertiary bromide to form a double bond. 


20.40 (a) Grignard carboxylation can't be used to prepare the carboxylic acid because of the 
acidic hydroxyl group. Use nitrile hydrolysis. 


(b) Either method produces the carboxylic acid. Grignard carboxylation is a better reaction 
for preparing a carboxylic acid from a secondary bromide. Nitrile hydrolysis produces an 
optically active carboxylic acid from an optically active bromide. 


(c) Neither method of acid synthesis yields the desired product. Any Grignard reagent 
formed will react with the carbonyl functional group present in the starting material. 
Reaction with cyanide occurs at the carbonyl functional group, producing a cyanohydrin, 
as well as at halogen. However, if the ketone is first protected by forming an acetal, either 
method can be used. 


(d) Since the hydroxyl proton interferes with formation of the Grignard reagent, nitrile 
hydrolysis must be used to form the carboxylic acid. 
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20.41 


Bro, CHoClo 
HəC=CHCH =CHy  — — — ——-  BrCH$CH = CHCHeBr 
1,4-addition 


| 2 NaCN, HCN 
HaNCHaCHoCH — CHCH2CH2NH» BETIS NCCHSCH-—CHCH;CN + 2 NaBr 
д 
ү Pd/C 
HaNCH5CH5CH5CHSCHSCHSNHo 
1,6-Hexanediamine 
20.42 
T 
uo dr — CH = СН» 
Он 


1. HoC =CHMgBr 
CH3CH5CH5CCH3 — ——————- 
2. H30 

1. BH3, THF 
2. H209, OH 
CH3 CH 


CrO 
CH3CH2CH2C — CH;CO;H шз. m CH3CH2CH2C — CH;CH;OH 


3 
OH OH 
H30* 
тз 


СНзСН»СН»С == СНСО»Н 

3-Methyl-2-hexenoic acid 
As in all of these more complex syntheses, other routes to the target compound are 
possible. This route was chosen because the Grignard reaction introduces a double bond 


without removing functionality at carbon 3. Dehydration occurs in the desired direction to 
produce a double bond conjugated with the carboxylic acid carbonyl group. 


Spectroscopy 


20.43 The peak at 1.08 ô is due to a tert-butyl group, and the peak at 11.2 à is due to a carboxylic 
acid group. The compound is 3,3-dimethylbutanoic acid, (CH3)3CCH2CO>H. 
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20.44 Either ^C NMR or 'H NMR can be used to distinguish among these three isomeric 
carboxylic acids. 


Compound Number of Number of Splitting of 
13C NMR 1H NMR 1H NMR 
absorptions absorptions signals 


1 triplet, peak area 3, 1.0 à 
Cusco 1 triplet, peak area 2, 2.4 à 
a(CHa)sCO2 2 multiplets, peak area 4, 1.5 è 


1 singlet, peak area 1, 12.0 à 
1 doublet, peak area 6, 1.0 6 
(CHs)9CHCHCO>H 1 doublet, peak area 2, 2.4 6 
1 multiplet, peak area 1, 1.6 à 
1 singlet, peak area 1, 12.0 à 
1 singlet, peak area 9, 1.3 8 


CH3)3CCO>H 
©Нәз á 1 singlet, peak area 1, 12.1 à 


20.45 In all of these pairs, different numbers of peaks occur in the spectra of each isomer. 
(a), (b) Use either IH NMR or C NMR to distinguish between the isomers. 


Compound Number of Number of 
13C NMR 1H NMR 
absorptions absorptions 

(а) СОН 3 2 
HO,C 
HO,C COH 5 4 
(b) 
HOsCCH»CH»CO>H 2 2 
CH3CH(CO>H)> 3 3 


(c) Use ІН NMR to distinguish between these two compounds. The carboxylic acid proton 
of CH3CH2CH2CO H absorbs near 12 ô, and the aldehyde proton of 
HOCH2CH2CH2CHO absorbs near 10 ё and is split into a triplet. 
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(d) Cyclopentanecarboxylic acid shows four absorptions in both its 'H NMR and PC 
NMR spectra. (CH3)2C= CHCIDCO2H shows six absorptions i in its ^C NMR and five in 
its 'H NMR spectrum; one of the 'H NMR signals occurs in the vinylic region (4.5 — 6.5 
8) of the spectrum. The PC NMR spectrum of the unsaturated acid also shows two 
absorptions in the C=C bond region (100—150 8). 


20.46 The compound has one degree of unsaturation, which is due to the carboxylic acid 
absorption seen in the IR spectrum. 


a= 1.265 
a b с а b= 3.646 
CH3CH2OCH2CO2H c- 4148 
d=11.125 


General Problems 


20.47 2-Chloro-2-methylpentane is a tertiary alkyl halide and “CN is a base. Instead of the 
desired Sw2 reaction of cyanide with a halide, E2 elimination occurs and yields 2-methyl-2- 


pentene. 
CH 
N [^ 
CH3CH2CH2CCH3 
N 
CH CN 
oon 
N _ 4 Le 
"cus 
20.48 
О 
ales 
AlCla 
Isobutylbenzene 1. NaBH4 
H3O* 


Mg ar 
| ur 


H30* 
— > 


COH 
Ibuprofen 
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20.49 (a) Use СО» instead of NaCN to form the carboxylic acid, or eliminate Mg from this 
reaction scheme and form the acid by nitrile hydrolysis. 


(b) Reduction of a carboxylic acid with LiAIH4 yields an alcohol, not an alkyl group. 


(c) Acidic hydrolysis of the nitrile will also dehydrate the tertiary alcohol. Use basic 
hydrolysis to form the carboxylic acid. 


20.50 
IN 
(a) hr 
CHOH E CH2OH, н 
Or <£ Opel 
HOG © = HOO EOS 
OH p uin 5 OH 
H3C СМ Нс СМ 
| ec 
CHOH н 9н CHOH 
О | О HO 
"Фо - o4 == Yo М” iOH + М 
OH Н с oH НС CN 
Е i x cyanohydrin 
CHOH 
HOZ Aua ЗО” 
OH 
Step 1: Protonation of acetal oxygen. 
Step 2: Loss of cyanohydrin. 
Step 3: Addition of water, followed by deprotonation. 
(b) 
оо AS H | 
H20 : | 
О — Š 
P 2m + Но + ТОМ 
L H3C CN J 


Deprotonation of the cyanohydrin hydroxyl group is followed by loss of “CN, forming 2- 
butanone. 
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20.51 
* но: * | 
ju Он» EUN Н? 
в—с=м == | R—CZNH == 2С 
1 2 R NH 
А | 3. 
d + HY `OH 
3 O :O OH 
А. r ^ 
<—— <> + 
R^ “мн, 4  |R^ “мн, R^ Ён, 
amide E 
Step 1: Protonation. Step 2: Addition of water. 
Step 3: Proton transfer. Step 4: Deprotonation. 
The first equivalent of water adds to a nitrile to produce an amide. 
+ 
HLOH, 
Ы О j^ Е О T. H O a H 
O: + " 
[ "en Й - 
C uz ——- xd =>” NE ond 
R^ ^NH; 1. node 2. nds Р 
H20: Ha 
|, 
К + HY Зна „Н 
+ :О :O 
[ 128; o К 
——— ——- ==“ 
R^ “он 5. ен 4. Rv] (y's 
ls HO: zl 
Step 1: Protonation. Step 2: Addition of water. 
Step 3: Proton transfer. Step 4: Loss of ammonia 


Step 5: Deprotonation 


The second equivalent of water adds to the amide to yield a carboxylic acid, plus 
ammonium ion. 


20.52 
COH COH 


CH3 
HNO3 © 1. Fe, 1.Fe, НО". 
H50; 2. эон 
PABA 


Notice that the order of the reactions is very important. If toluene is oxidized first, the nitro 
group will be introduced in the meta position. If the nitro group is reduced first, oxidation 
to the carboxylic acid will reoxidize the -NH» group. 
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GENE ES 
| Мо, еїһег 
EL 
Periodinane 
СНІ 
— MA 2 CHO 
FeCl 
1. NaCN 
= H30* 
SOC үй 
1. 15, руг 
CHCOJH m um CHCO;H 
Fenclorac 


Other routes to this compound are possible. The illustrated route was chosen because it 
introduced the potential benzylic functional group and the potential carboxylic acid in one 
step. Notice that the aldehyde functional group and the cyclohexyl group both serve to 
direct the aromatic chlorination to the correct position. Also, reaction of the hydroxy acid 
with SOCI, converts -OH to -C1 and -CO?H to —COCI. Treatment with H3O* regenerates 
the carboxylic acid. 


Substituent pK, Acidity *E.A.S. reactivity 
—PCla 3.59 Most acidic Least reactive 
—0S05CH; 3.84 (most deactivating) 
—CH — CHCN 4.03 

—HgCH3 4.10 

—H 4.19 

—Si(CH3)s 4.27 Least acidic Most reactive 


m Р eae (least deactivating) 
*Electrophilic aromatic substitution 


Recall from Section 20.4 that substituents that increase acidity also decrease reactivity in 
electrophilic aromatic substitution reactions. Of the above substituents, only —Si(CH3)3 is 
an activator. 
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20.55 
a 
(a) НС, CH3 а CH3 
Cw 
CHgCHCICH3 H 
AICl, or 
| Мо, еїһег 
HaC, СНз HE f Hs 


C 
“сон 1. Л. CO2 ether ^ MgBr 
2. "оно" Co 


Again, other routes to this compound are possible. The above route was chosen because it 
has relatively few steps and because the Grignard reagent can be prepared without 
competing reactions. Notice that nitrile hydrolysis is not a possible route to this compound 
because the halide precursor is tertiary and doesn't undergo 52 substitution. 


b 
m) О CeHs CeHs 
1. PhMgBr, ether OH HBr Br 
ы уку т us —— 
2. H30 
| м. ether 
CgHs CgHs 
COH T: i Osee. ether MgBr 
2. KAT 


The product results from two Grignard reactions. As in (a), nitrile hydrolysis is not a route 
to this compound. 


20.56 As we have seen throughout this book, the influence of substituents on reactions can be 
due to inductive effects and/or resonance effects. For m-hydroxybenzoic acid, the negative 
charge of the carboxylate anion is stabilized by the electron-withdrawing inductive effect of 
—OH, making this isomer more acidic. For p-hydroxybenzoic acid, the negative charge of 
the anion is destabilized by the electron-donating resonance effect of -OH that acts over the 
л electron system of the ring but is not important for m-substituents. 


|| 
-—LH 
HO C HO C 
^ oH ^o- 
+ HO == + H3O* 
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O О 
[| [| 


T 
C С 
Зон Bos 7o 
a =—_> 
HO б HO 


HO 
ва + 
+ НО 0) + HgO * and other 


resonance forms 


Eu : P И T : EM 
p —— —— —— 
OH Br COH 
———- OH —- ——- 
CHO 


(a) BH3, THF, then H202, ОНТ; (b) PBr3; (c) Mg, then СО», then H3O* (or CN, then 
НзО?); (d) LiAIH4, then H30*; (е) Dess-Martin periodinane, CH2Cl; (f) HINNH5,KOH 


20.57 


20.58 


Co: 10H COOH 
нас КУ = нас EN Нс сон 


Вг 


Nucleophilic addition (1), alkyl shift (2), and displacement of bromide (3) lead to the 
observed product. 


20.59 


“07 + CO, + Ро; 


О HCO oe 


Е а бс са ——> H 


СН,ОР,ОЕ 37 
:0 2 2-5 


C 
Zz 
| `2 `4 
Y Y | 4\ 
HH HH H HH 


3-Phosphomevalonate 5-diphosphate Isopentenyl diphosphate 
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20.60 A compound with the formula C4H7N has two degrees of unsaturation.The IR absorption 
at2250cm identifies this compound as a nitrile. 


"HEU a= 1.068 
CH3CHoCHS9C-N b= 1.6868 
c= 2316 


20.61 Both compounds contain four different kinds of protons (the H2C= protons are 
nonequivalent). The carboxylic acid proton absorptions are easy to identify; the other three 
absorptions in each spectrum are more complex. 


It is possible to assign the spectra by studying the methyl group absorptions. The 
methyl group peak of crotonic acid is split into a doublet by the geminal (CH3CH=) 
proton, while the methyl group absorption of methacrylic acid is a singlet. The first 
spectrum (a) is that of crotonic acid, and the second spectrum (b) is that of methacrylic 
acid. 


20.62 (a) From the formula, we know that the compound has 2 degrees of unsaturation, one of 
which is due to the carboxylic acid group that absorbs at 183.0 à. The PC NMR spectrum 
also shows that no other sp^ carbons are present in the sample and indicates that the other 
degree of unsaturation is due to a ring, which is shown to be a cyclohexane ring by 
symmetry and by the types of carbons in the structure. 


(b) The compound has 5 degrees of unsaturation, and is a methyl-substituted benzoic acid. 
The symmetry shown by the aromatic absorptions identifies the compound as p- 
methylbenzoic acid. 


b 
(a) COH (b) COH 
H3C 
20.63 
= + СО» = 
"om S I n 0 (3 
fuer cpe а ашу Om. Oe e. iml 
3 Д он 1. |3 Á 2. нс“ “он, 
HH L HH enolate : 
|: 
O — 
| + Он 
е `он» 


Step 1: Deprotonation Step 2: Decarboxylation Step 3: Protonation. 


This reaction proceeds because of the loss of CO» and the stability of the enolate anion. 
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20.64 
CH3 


CH3 + CH3 
=C—CH 
X == амс сн === + | i 
2. Е 


H—A H20: 


V 


The following steps take place in the Ritter reaction: 

Step 1: Protonation of the alkene double bond; 

Step 2: Attack of the nitrogen lone pair electrons on the carbocation; 
Step 3: Attack of water on the nitrile carbon; 

Step 4: Deprotonation; 

Step 5: Tautomerization to the ketone. 
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Chapter 21 – Carboxylic Acid Derivatives: 


Nucleophilic Acyl Substitution Reactions 


Chapter Outline 


I. Introduction to carboxylic acid derivatives (Sections 21.1—21.2). 
A. Naming carboxylic acid derivatives (Section 21.1). 
1. Acid halides. 
a. The acyl group is named first, followed by the halide. 
b. For acyclic compounds, the -ic acid or -oic acid of the carboxylic acid name is 
replaced by -оу/, followed by the name of the halide. 
i. There are eight exceptions, in which -yl is used 
c. Forcyclic compounds, the -carboxylic acid ending is replaced by -carbonyl, 
followed by the name of the halide. 
2. Acid anhydrides. 
a. Symmetrical anhydrides are named by replacing acid by anhydride. 
b. Unsymmetrical anhydrides are named by citing the two acids alphabetically, 
followed by anhydride. 
3. Esters. 
a. Esters are named by first identifying the alkyl group and then the carboxylic 
acid group, replacing -oic acid by -ate. 
4. Amides. 
a. Amides with an unsubstituted -NH» group are named by replacing -oic acid or 
—ic acid by -amide or by replacing -carboxylic acid with -carboxamide. 
b. If nitrogen is substituted, the nitrogen substituents are named in alphabetical 
order, and an N- is put before each. 
5. Thioesters. 
a. Thioesters are named like esters, using the prefix thio- before the name of the 
ester derivative of the carboxylic acid. 
6. Acyl phosphates. 
a. Acyl phosphates are named by citing the acyl group and adding the word 
phosphate. 
B. Nucleophilic acyl substitution reactions (Section 21.2). 
1. Mechanism of nucleophilic acyl substitution reactions. 
a. Anucleophile adds to the polar carbonyl group. 
b. The tetrahedral intermediate eliminates one of the two substituents originally 
bonded to it, resulting in a net substitution reaction. 
c. Reactions of carboxylic acid derivatives take this course because one of the 
groups bonded to the carbonyl carbon is a good leaving group. 
d. The addition step is usually rate-limiting. 
2. Relative reactivity of carboxylic acid derivatives. 
a. Both steric and electronic factors determine relative reactivity. 
1. Steric hindrance in the acyl group decreases reactivity. 
ii. More polarized acid derivatives are more reactive than less polarized 
derivatives. 
iii. The effect of substituents on reactivity is similar to their effect on 
electrophilic aromatic substitution reactions. 
b. Itis possible to convert more reactive derivatives into less reactive derivatives. 
i. Inorder of decreasing reactivity: acid chlorides > acid anhydrides > 
thioesters > esters > amides. 
ii. Only esters, amides, and carboxylic acids are found in nature. 
3. Kinds of reactions of carboxylic acid derivatives: 
a. Hydrolysis: reaction with water to yield a carboxylic acid. 
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b. Alcoholysis: reaction with an alcohol to yield an ester. 

Aminolysis: reaction with ammonia or an amine to yield an amide. 
Reduction. 

i. Reaction with a hydride reducing agent yields an aldehyde or an alcohol. 
п Amides are reduced to yield amines. 

e. Reaction with an organometallic reagent to yield a ketone or alcohol. 


с.о 


П. Reactions of carboxylic acids and their derivatives (Section 21.3—21.9). 
A. Nucleophilic acyl substitution reactions of carboxylic acids (Section 21.3). 


l; 
2. 
3. 


Carboxylic acids can be converted to acid chlorides by reaction with SOCI, 
a. The reaction proceeds through a chlorosulfite intermediate. 
Acid anhydrides are usually formed by heating the corresponding carboxylic acid to 
remove 1 equivalent of water. 
Conversion to esters. 
a. Conversion can be effected by the Sy2 reaction of a carboxylate and an alkyl 
halide. 
b. Esters can be produced by the acid-catalyzed reaction of a carboxylic acid and 
an alcohol. 
i. This reaction is known as a Fischer esterification. 
ii. Mineral acid makes the acyl carbon more reactive toward the alcohol. 
iii. All steps are reversible. 
iv. The reaction can be driven to completion by removing water or by using a 
large excess of alcohol. 
v. Isotopic labelling studies have confirmed the mechanism. 
Conversion to amides. 
a. Amides are difficult to form from carboxylic acids because amines convert 
carboxylic acids to carboxylate salts that no longer have electrophilic carbons. 
b. The reagent DCC (dicyclohexylcarbodiimide) can be used; it is used in the 
laboratory to form peptide bonds. 
Reduction of carboxylic acids. 
a. Reduction to alcohols can be achieved by use of LiAIH,. 
b. ВН; in THF easily reduces carboxylic acids to alcohols. 


B. w of carboxylic acid halides (Section 21.4). 


. Carboxylic acid halides are prepared by reacting carboxylic acids with either SOClh 
or PBr; to form the corresponding acyl halide. 

Acyl halides are very reactive. 

a. Most reactions occur by nucleophilic acyl substitution mechanisms. 
Hydrolysis. 

a. Acyl halides react with water to form carboxylic acids. 

b. The reaction mixture usually contains a base to scavenge the НСІ produced. 


. Anhydride formation. 


a. Acid halides react with carboxylate ions to form anhydrides. 

Alcoholysis. 

a. Acylhalides react with alcohols to form esters. 

b. Base is usually added to scavenge the НСІ produced. 

c. Primary alcohols are more reactive than secondary or tertiary alcohols. 
i. It's often possible to esterify a less hindered alcohol selectively. 

Aminolysis. 

a. Acid chlorides react with ammonia and amines to give amides. 

b. Either two equivalents of ammonia/amine must be used, or NaOH must be 
present, in order to scavenge HCI. 

Reduction. 

a. LiAIH,4 reduces acid halides to alcohols. 
1. The reaction is a substitution of H for CI that proceeds through an 

intermediate aldehyde, which is then reduced. 
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7. 


Reaction with organometallic reagents. 

a. Reaction with Grignard reagents yields tertiary alcohols and proceeds through 
an intermediate ketone. 

b. Reaction with diorganocopper (Gilman) reagents yields ketones. 
i. Reaction occurs by a radical mechanism. 
ii. This reaction doesn't occur with other carboxylic acid derivatives. 


C. ee of carboxylic acid anhydrides (Section 21.5). 


Acid anhydrides can be prepared by reaction of carboxylate anions with acid 

chlorides. 

a. Both symmetrical and unsymmetrical anhydrides can be prepared by this route. 

Acid anhydrides react more slowly than acid chlorides. 

a. Acid anhydrides undergo most of the same reactions as acid chlorides. 

b. Acetic anhydride is often used to prepare acetate esters. 

c. In reactions of acid anhydrides, half of the molecule is unused, making 
anhydrides inefficient to use. 


D. Chemistry of esters (Section 21.6). 


1. 


Esters can be prepared by: 
a. Sw2reaction of a carboxylate anion with an alkyl halide. 
b. Fischer esterification. 
c. Reaction of an acid chloride with an alcohol, in the presence of base. 
Esters are less reactive than acid halides and anhydrides but undergo the same types 
of reactions. 
ue sis. 
Basic hydrolysis (saponification) occurs through a nucleophilic acyl substitution 
mechanism. 
1. Loss of alkoxide ion yields a carboxylic acid which is deprotonated to give a 
carboxylate anion. 
ii. Isotope-labelling studies confirm this mechanism. 
b. Acidic hydrolysis can occur by more than one mechanism. 
i. The usual route is by the reverse of Fischer esterification. 
Aminolysis. 
a. Esters can be converted to amides by heating with ammonia/amines, but it's 
easier to start with an acid chloride. 


. Reduction. 


a. LiAIHA4 reduces esters to primary alcohols by a route similar to that described 
for acid chlorides. 
b. If DIBAH at —78 °C is used, reduction yields an aldehyde. 


. Reaction with Grignard reagents. 


a. Esters react twice with Grignard reagents to produce tertiary alcohols containing 
two identical substituents. 


E. Chemistry of amides (Section 21.7). 


1. 
2. 


3. 


Amides are prepared by the reaction of acid chlorides with ammonia/amines. 

Hydrolysis. 

a. Hydrolysis occurs under more severe conditions than needed for hydrolysis of 
other acid derivatives. 

b. Acid hydrolysis occurs by addition of water to a protonated amide, followed by 
loss of ammonia or an amine. 

c. Basic hydrolysis occurs by attack of HO’, followed by loss of NH». 

Reduction. 

a. LiAIH4 reduces amides to amines. 
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F. Thiol esters and acyl phosphates (Section 21.8). 
1. Nature uses thiol esters and acyl phosphates in nucleophilic acyl substitution 


reactions because they are intermediate in reactivity between acid anhydrides and 
esters. 


2. Acetyl CoA is used as an acylating agent. 
III. Polyamides and polyesters (Section 21.9). 
A. Formation of polyesters and polyamides. 
1. When a diamine and a diacid chloride react, a polyamide is formed. 
2. When a diacid and a diol react, a polyester is formed. 
3. These polymers are called step-growth polymers because each bond is formed 
independently of the others. 
B. Types of polymers. 
1. Nylons are the most common polyamides. 
2. The most common polyester, Dacron, is formed from dimethylterephthalate and 
ethylene glycol. 
3. Biodegradable polymers are usually polyesters of naturally-occurring 
hydroxycarboxylic acids. 
IV. Spectroscopy of carboxylic acid derivatives and nitriles (Section 21.10). 
A. Infrared spectroscopy. 
1. All of these compounds have characteristic carbonyl absorptions that help identify 
them; these are listed in Table 21.3. 
B. NMR spectroscopy is of limited usefulness in distinguishing carboxylic acid 
derivatives. 
1. Hydrogens next to carbonyl groups absorb at around 2.1 5 ina IH NMR spectrum, 
but this absorption can't be used to distinguish among carboxylic acid derivatives. 
2. Carbonyl carbons absorb in the range 160—180 6, but, again, this absorption can't 
be used to distinguish among carboxylic acid derivatives. 


Solutions to Problems 


21.1 Table 21.1 lists the suffixes for naming carboxylic acid derivatives. The suffixes used 
when the functional group is part of a ring are in parentheses. 


CH3CHCH,CH,CCI CH»CNH> CHSCHCOCHCHs 
CH3 CH3 
4-Methylpentanoyl Cyclohexylacetamide Isopropyl 
chloride 2-methylpropanoate 
(d) О (е) е (f) CHg 
Д 
C O CHCH 
Ў `оснснз о 
О | || 
CH3 О 
2 
Benzoic anhydride Isopropyl Cyclopentyl 


cyclopentanecarboxylate 2-methylpropanoate 
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(g) (h) (i) 
i \ 
Hee GL. HaC SCH2CH3 
НС —CHCH2CH5CNHCH3 С ОРОз 27 с=с 
HO H H3C СНз 
N-Methyl-4-pentenamide (R)-2-Hydroxypro- Ethyl 2,3-dimethyl- 
panoyl phosphate 2-butenethioate 
21.2 
b 
(a) о (b) Я ©) os c 
C ke CH3CH2CHCNCH2CH3 CHSCHCH;CHCGI 
Phenyl benzoate N-Ethyl-N-methylbutanamide 2,4-Dimethylpentanoyl 
chloride 
(d) T (e) (0 6 
с OCH3 CH3CH2CCH5COCH5CH3 Gx: 
О 
Methyl 1-methylcyclo- Ethyl-3-oxopentanoate Br 
h boxylat 
лла Methyl p-bromobenzenethioate 
(g) (h) е 
о о ! ACOBI 
HC. _ ,CCH5CHs5 CL 
O CH 
H 
Formic propanoic cis-2-Methylcyclopentanecarbonyl bromide 
anhydride 
21.3 
@ ы [ tO: | :О: 
ly ^ :0CHs <= [ 
C Cx. C 
“с \~OCH3 ~OCH3 
——» Gel — m 
+ Cl 


addition of methoxide 
to form a tetrahedral 
intermediate 


elimination of СТ 
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21.4 Use Figure 21.2 if you need help. 
Most reactive ——— —— — — — ——» Least reactive 


(a) О 
[| || [| 
CH4CCI > CH3COCH3 > CH3CNH5 


(b) А 
II lI II 
CH3COCH(CF3)o > CH3COCH5CCI3 > CH3COCH2CH3 


The most reactive acyl derivatives contain strongly electron-withdrawing groups in the part 
of the structure that is to be the leaving group. 


21.5 Identify the nucleophile (boxed) and the leaving group (circled), and replace the leaving 
group by the nucleophile in the product. 


(a) ake 
|| Na* i OH: || 
ә C + — HOCH 
нс“ ТОСЫН. нс“ ^O" Nat : 
(b) ur 
| 2 1№Нз! ll 5 
Jis ——- + ми Cr 
«c ra s нс“ “мн, E 
(с) esr arcu 
O -7 O "X tra ! О О 
uz di ecd [ [ 
„О „Ух ) ^ € t ROT Oe 
HaC^ Фо” “сна, H4C^ `OCH3 Na" O^ ^CH, 
О а е | 
ii | CHaNH» ! T 
C255 = * — HSCH 
H3C^ “сну? HaC ^ “мнснз 


21.6 The structure represents the tetrahedral intermediate in the reaction of methyl 
cyclopentylacetate with hydroxide, a nucleophile. The products are cyclopentylacetate anion 
and methanol. 


- О 

OU шы O OH + HOCH 
— — _ 
OCH OCH, О 


Methyl cyclopentylacetate Cyclopentylacetate 
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21.7 In Fischer esterification, an alcohol undergoes a nucleophilic acyl substitution with a 
carboxylic acid to yield an ester. The mineral acid catalyst makes the carboxyl group of the 
acid more electrophilic. Predicting the products is easier if the two reagents are positioned 
so that the reacting functional groups point towards each other. 


@ 6 О 
Д НСІ [| 
С + HOCH sCHsCHsCH3; = C + НО 
нс“ "OH RC d. нс“ "OCH4CH,CH;CHS — ^ 
Acetic acid 1-Butanol Butyl acetate 
(b) О О 
0 OC “ К О 
* HOCH -——— * H 
CHgCH»CHS `OH 1 CHCHSCHs — ODMy — 
Butanoic acid Methanol Methyl butanoate 
(c) O О 
i Н 9з но || ыз 
+ С == + НО 
(уз eon Cy vow 
Cyclopentane- 2-Propanol Isopropyl cyclopentanecarboxylate 


carboxylic acid 


21.8 Under Fischer esterification conditions, many hydroxycarboxylic acids can form 
intramolecular esters (lactones). 


О 
Д || 
ZN „© N 
НС OH HCI нс 
| -————— | | * H20 
HoC. СНОН HoC.  ,CH5 
C C 
/\ /\ 
HH HH 
5-Hydroxypentanoic acid a lactone 


21.9 Pyridine neutralizes the НСІ byproduct by forming pyridinium chloride. This neutralization 
removes from the product mixture acid that might cause side reactions. As mentioned 
previously, positioning the reacting groups so that they face each other makes it easier to 


predict the products. 
(a) О " О 
|| Р Pyridine Д 
C HOCH =H C 
CHCH Ql ; CHaCHZ “осн, 


Propanoyl chloride Methanol Methyl propanoate 
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b 
(b) о 
C = НОСН»СН 
HC “о 263 
Acetyl chloride Ethanol 
(c) © 
С C + HOCH 2CH3 
Cl 
Benzoyl chloride Ethanol 


О 
Pyridine Д 
И М 
H3C ОСН2СНз 
Ethyl acetate 
О 
Pyridine [| 
С N 
OCH2CH3 
Ethyl benzoate 


21.10 As explained in the text, only simple, low boiling alcohols are convenient to use in the 


Fischer esterification reaction. Thus, reaction of cyclohexanol with benzoyl chloride is the 


preferred method for preparing cyclohexyl benzoate. 


O О 

[| || 

C C 

CY ^d 5 < ) Pyridine ^o 
+ H ————- 
Benzoyl chloride Cyclohexanol Cyclohexyl benzoate 
21.11 
dw» Я 
{М О 
CH30 a \ у CH34O P 
d —— Cl -" A 
nucleophilic 
Cae addition of | С ЗО 
holi 
ас ОРЕ er deprotonation 
by hydroxide 
О ЧО: 
[| eu " 
bc icis - S 
О 
CH30 CH30 
elimination 
ООН. NaCl. cr chlonde VERS vod 
Trimetozine 
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21.12 An extra equivalent of base must be added to neutralize the acid produced in these 
reactions. In (a) and (b), two equivalents of the amine may be used in place of NaOH. 


(a) А 
|| || 
pee + HaNCH3 НОН; pem + H20 + NaCl 
CH,CH5 СО CH3CH5 ` NHCH3 
Propanoyl chloride Methylamine N-Methylpropanamide 
(b) О О 
| NaOH t 
С +  HN(CHagCHgo | ————- 
+ HO + NaCl 
Benzoyl chloride Diethylamine N,N-Diethylbenzamide 
(c) О О 
|| || = 
C. + 2NH, ——» C + М? CI 
CH3CHs СО CHGCHZ “мн, 
Propanoyl chloride Propanamide 


21.13 Two combinations of acid chloride and organocopper reagent are possible. 


(a) q 


C + [(CH3)oCH]5CuLi 


/ 
Q 
O—O 


or ^" CH(CH3)o 


CuLi n 


=ч 
= 
O =0 


N 


HəC=CH/ “сі + (CH3CH»CHo)oCuLi q 
C 
OE —— —— HsC=CH~ ~CHsCHsCH3 
О 
|| 
шх 
cl CH CH»CH 


(HoC=CH)oCuLi 
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21.14 
H3C~ 20 _ 
| сш НзС 20 
Ov 29 | Е 
P 28 
C 
CH3 ri 
t ———- Ht 
NH» a7 №, СНз 
: н 
HO HO Fre 
| 2. 
He 20 
| т. 
Н оо 
| Hs 
Hasc шщ N. 20 м: СНз 
| + | 3 
От CH * 
' HO j |HO + H20 
Acetaminophen 
Step 1: Nucleophilic addition of p-hydroxyaniline. 
Step 2: Deprotonation by hydroxide. 
Step 3: Loss of acetate ion. 
21.15 
O 
ў c 
va ^ OCHs 
O + CHOH ——> 
a „Он 
\ n 
O O 
Phthalic anhydride 


The second half of the anhydride becomes a carboxylic acid. 


21.16 Acidic hydrolysis of an ester is a reversible reaction because the products are an alcohol and 
a carboxylic acid. Basic hydrolysis of an ester is irreversible because its products are an 
alcohol and a carboxylate anion, which has a negative charge and does not react with 
nucleophiles. 
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21.17 
H О 
P ll 
1. LIAIH 1. DIBAH a 
OH ала о —— z> H 
2. H3O 2. H30 
СНОН 


21.18 Lithium aluminum hydride reduces an ester to form two alcohols. 


(a) HaC О H3C 
| ll 1. LiAIH, | 
CHgCH2CHyCHCOCH3 zh oF 7 CHSCHSCHSCHCH;OH + CH3OH 
US 
2-Methyl-1-pentanol Methanol 
(b) 
i 
C. 1. LiAIH, CHOH HO 
О — > 
2. H30 + 


Benzyl alcohol Phenol 


21.19 Remember that Grignard reagents can only be used with esters to form a tertiary alcohol 
that has two identical substituents. Identify these two substituents, which come from the 
Grignard reagent, and work backward to select the ester (the alkyl group of the ester is 


unimportant). 
Tertiary Alcohol — — —— Grignard Reagent + Ester 
(a) [ph c NEC О 
“986070198; Il 
C C 
^ OH ~OR 
2 CH3MgBr + 
2 + || 
-C N 
wae ТА MgBr | H3C OR 
HaC OH 
(б) ,----. ,----. O 
(CHaCHz X CHoCHs 5 ll 


AORN 
CH3CHsCHsCHp OH 
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21.20 
T i 
a 
ee (a) " C. CHOH 
NHCH»CH3 H H 
27013 3 1. Шай 
һеаї 2. H30 
N-Ethylbenzamide 
(© | 1. ШАНА 
2. H9O 
i .CHaNHCHaCHs 
21.21 
T 
Br MgBr CL 
Mg, ether 1. СО», ether OH 
——- —————— 
2. H30* 
| socz 
T T 
CHoN(CH3)o C. C. 
1. ШАНА N(CHg)? — (CH3)2NH а 
4 — — ————— a — —— 


The product is a V, N-disubstituted amine, which can be formed by reduction of an amide. 
The amide results from treatment of an acid chloride with the appropriate amine. The acid 
chloride is the product of the reaction of SOCI with a carboxylic acid that is formed by 
carboxylation of the Grignard reagent synthesized from the starting material. 
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21.22 Even though the entire molecule of coenzyme A is biologically important, we are concerned 
in this problem only with the -SH group. The remainder of the structure is represented here 


as "R", 
Que. D | о 28 | 
S | “| a 
P P 
нас“ ^o^ |"0-—Adenosine | — —» Hac] ^O^ | ~O—Adenosine 
on l. S on 
^n 
rsh Base І {> Ё 
О О 
| Í 
R P 
“че + 
H3C S o^ | ~o—Adenosine 
Acetyl CoA О 


Step 1: Nucleophilic addition of the -SR group of CoA (after deprotonation) to acetyl 
adenylate to form a tetrahedral intermediate. 


Step 2: Loss of adenosine monophosphate. 
21.23 In each example, if п molecules of one component react with n molecules of the other 


component, a polymer with n repeating units is formed, and 2n small molecules are 
formed as byproducts; these are shown in each reaction. 


(a) 
Base 
BrCHəCH>CHəBr + HOCH5SCH5CH5OH —— —Сон;он;он;осн;снусн;о Ә- 


+ 2n HBr 
(b) 5 
H2SO4 [ [ 
catalyst 
* 2n H20 
(с) 
|| || || || 
HoN(CHo2)gNHo2 u CIC(CH2)4CCI ILLE HNC(CH5)gNH — C(CH5)4C уд 


+ 2n НСІ 
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| | 


1,4-Benzenedicarboxylic acid | 1,4-Benzenediamine 


Ly OMIM 


Kevlar + 2n НО 


21.24 


21.25 Use Table 21.3 if you need help. 


Absorption Functional group present 
(a) 1735 ст Saturated ester or 6-membered ring lactone 
(b) 1810 ст! Saturated acid chloride 
(с) 2500 — 3300 стг! and 1710 стг! Carboxylic acid 
(d) 1715 cm! Saturated ketone or 6-membered ring ketone 


21.26 (a) IR 1735 cm! corresponds to a saturated ester. 
The remaining five carbons and twelve hydrogens can be arranged in a number of ways to 
produce a structure for this compound. For example: 


Д Д 
CH4CH5COCH5CH5CH; or HCOCH5CH5CH5CH5CH3 
The structural formula indicates that this compound can't be a lactone. 


(b) 
CH3CN(CH3)o 
(c) 


O 
Д 
CH34CH —CHCCI or НС —C(CH3)CCI 
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Visualizing Chemistry 


21.27 
E HH — CHs a HH 
HaC Y, | \ r 
3 р s “сн, Е, Se 
4` A‘ [| 
HCH О HCH; HH О 
N,N-Dimethyl-3-methylbutanamide 3-Methylbutyl benzoate 
21.28 
A) Br Br Br 
OH gos 
/^ 80СІ d l ононоњ, 
C = C 
5 Ў ругіаіпе 
o-Bromobenzoic acid 2-Propanol € 


o-bromobenzoate 


This compound can also be synthesized by Fischer esterification of o-bromobenzoic acid 
with 2-propanol and an acid catalyst. 


(b) 
О О 
/ 1. SOCI // 
CHC —— 9 CHC 
\ 2.2NH3 \ 
OH мн» 
Cyclopentylacetic acid Cyclopentylacetamide 
21.29 
NI Y i 
C 2 NH Caut C 
H,C—CHOHCHZ ^g — HEC CHCHCHS ш. — H,C—CHOHCHZ мн, 
CH3 E CH3 CH3 
+ NH4* СГ 
3-Methyl-4-pentenoyl chloride 3-Methyl-4-pentenamide 


The starting material is 3-methyl-4-pentenoyl chloride, as indicated by the —Cl in the 
tetrahedral intermediate. Ammonia adds to give the observed tetrahedral intermediate, 
which eliminates СІ to yield the above amide. 
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21.30 According to the electrostatic potential maps, the carbonyl carbon of acetyl azide is more 
electron-poor (less red) and therefore more reactive in nucleophilic acyl substitution 
reactions. Resonance donation of nitrogen lone-pair electrons to the carbonyl group is 
greater in an amide than in an acyl azide. 


Zen per 
H3C МН H3C МН, 
Acetamide 
Q iot) Qt 
| | | 
: — n yee a -— 
Hac “М + HG ON. + С ON. S 
Nus Уе Му. 
a Acetyl azide " Е 
Additional Problems 
Naming Carboxylic Acid Derivatives 
21.31 
(a) 9 (b) (c) 
| HoCH, О 
o үе. | [ [ 
МН» CH3CH3CHCH —CHCCI CH30CCHsCH2COCH3 
Dimethyl butanedioate 
H3C or 
p-Methylbenzamide 4-Ethyl-2-hexenoyl chloride Dimethyl succinate 
(d) о (е) о (f) о 
СНоСНоСОСНСНз | CH3CHCH2CNHCHs C. 
CH3 Br 
Isopropyl N-Methyl-3-bromo- Methyl 1-cyclopentene- 
3-phenylpropanoate butanamide carboxylate 
(g) (h) 
í О 


II 
C C 
CY 0 “SCH(CH3)o 


Phenyl benzoate Isopropyl thiobenzoate 
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21.32 
(a) 9 (b) е Q (c) CHa 9 
CH5CNH»2 C CNH» Chae Hera vrar TONNS 
Br 
p-Bromophenylacetamide _ m-Benzoylbenzamide 2,2-Dimethylhexanamide 
(d) я (e) à (0 
|| ll О О О 
Cu CL BS "2 
CY О | ОСНУСНЗ 
Cyclohexyl cyclo- Ethyl 2-cyclobutene- Succinic anhydride 
hexanecarboxylate carboxylate 


21.33 Many structures can be drawn for each part of this problem. 


(a) 
4 Ра CH3CH2 „СНз , Р 
= H 
N F E JA ERN 
Cl HC = C CI 


H FK —O 
Cl CH2CH3 
Cyclopentanecarbonyl (E)-2-Methyl-2- 3-Ethyl-3-butenoyl 
chloride pentenoyl chloride chloride 
b 
(b) Ө 5 а 
// 1/ 
Cx CH4CH5CH5C = CCH5C H5C = CHCH = CHC. 
МН \ \ 
NH3 N(CH3)o 
1-Cyclohexenecarboxamide 3-Heptynamide N,N-Dimethyl- 


2,4-pentadienamide 
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Nucleophilic Acyl Substitution Reactions 


O О 
|| (Ph)eCuLi || 
CH4CH5CCI ethe CH4CH3C 


1. LiAIH, 
ILU 
2. ЊО 


21.34 
(a) 


(b) 


|| 
CH4CH;CCI CH3CH»CH,OH 


(c) 


CH3CH,CCI 


OH 


1. 2 CH3MgBr | 
X Mp c E CH3CH2C(CH3)2 


2. H3O* 


(d) 


I H4O* I 


О О 

| Pyridine Il 
CH3CH5CCI * HO = CH4CH5C —QO 

О О 

Д Маон І 
CH4CH5CCI * HoN SSS CH3CH5C n" 


Д CH,CO> Nat NI 
СЕЗСВСОЕ а IOH4CHSC —OCOHS 


(e) 


(f) 
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21.35 The reagents in parts (a), (e), and (g) don't react with methyl propanoate. 


(b) 


|| 
CH3CH2COCH3 


(c) 


Д 
CH3CH»COCH, 


(d) 5 
Д 


CH3CH»COCH, 


(f) 


CH3CH»COCH; + HN 


1. ШАНА 


————————Á 


2 H,0* CH3CH5CH5OH + CH30H 


OH 
1. 2 CH3MgBr | 
2. Hot 302003) + CH30H 
H30* 


| 
— ——À- _CH3CH2COH + CH3Z0H 


O H 
uH Ig 


21.36 The reagents in parts (a), (e), (f), and (g) don't react with propanamide. 


(b) 
|| 
CH34CH5CNHo 
С 
(с) о 
CH34CH2CNHo 


(d) 5 
[ 
CH4CH5CNH5 
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—— 


1. ЦАНА 
CH3CH>CH>NH 
H2O IVT 2AE a aa 


1. CH3MgBr 
2. H3 


T CH3CHsCNH» + CH4 


H30* 


—— > 


CH3CHCOH + NH4* 
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21.37 Dimethyl carbonate is a diester. Use your knowledge of the Grignard reaction to work your 
way through this problem. 


:О: | IOI *MgBr| Go: 
E: N йн 
С Pd = 
сно” "o, —— CH30 OCHg 3 OCH; + OCH 
elimina- 
N.MgBr addition of tion of m 
Grignard | _| methoxide - MgBr 
reagent addition of 
Grignard 
| reagent 


+ 
| 
C CY 
OCH3 
~OCH3 + [ X 
elimination 


LZ MgBr of methoxide 


addition of 


Grignard 
reagent 
Г – *MgBr 
:O: n OH 
| H30 | 
C ————— C 
protonation 
Triphenylmethanol 


The overall reaction consists of three additions of phenylmagnesium bromide, two 
eliminations of methoxide and one protonation. 
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21.38 
(a) 1. BH 
CH3CH25CH5CO5H - 7 ~ CH3CHoCH5CH5OH 
2. H30 
(b) Periodinane 
CH3CH5CH5CH5OH -a CH4CH5CH5CHO 
СНС 
from (а) 
(c) PBra 
CH3CH5CH5CH5OH —— — CH3CH3CH5CHoBr 
from (a) 
(d) NaCN 
CH3CH2CH2CH2Br — CH4CH5CH5CH5CN 
from (c) 
(e) К? TOC(CH3)3 
СНзСН»СН»СН»Вг H CH4CH3CH — CH» 
from (c) 
(f) H340* 
CH3CH2CH5CH5CN к_ — шә CH3CH5CH2CH5CO5H 
from (d) | SOCI» 
CH3CH2CH2CH>2CONHCH3 ES CH3CH5CH5CH5COCI 
(g) е 
снзсносносносм 1 СНЗМ9В" _ сн.сн,сноснгСснз 
from (d) Br gO 
(h) 5081, 
CH3CH5CH5CO5H —— CH3CH5CH5COCI 
Сен 
6''6 О 
AlCl T 
CH2CH2CH2CH3 CCH2CH2CH3 
Но, Pd/C 
чч — 
@ 5001, 2 NH3 
CH3CH5CH5CO5H —- CH4CH5CH5COCI —————— 0 CH34CH5CH5CONH5 


| soci, 
502 + 2 НСІ + CH3CH5CH5CN 
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21.39 
(a) 


(e 
f HO CH2CHg 
N С. 
ОСН»СНз 1. CHCHSMgBr CH2CH3 
— aH 
+ 
и + CH3CH50H 
(b) CH3 О CH3 
JI 1. DIBAH | 


|| 
CH3CHCH2CH5COCHs CH4CHCHSCHSCH + CH4OH 


2. H9O* 


© 2 
ll 


os 
da с! 2 CH3NH2 _ Cy NHCH3 


(d) COH CO2CH3 
--H rH 
CH3OH CT 
GHz. Han “CHa 
H 
e 
(e) сњ о CH3 
| | 1. LiAIH, | 


HoC— CHCHCH2COCHs HoC— CHCHCHSCHSOH + CH3OH 


H30* 


OH ee _CH3 О 
CY (CH3CO)20 Y [| + CH3CO™ 
Sa an 3 
pyridine О 
8) CONH, CHoNH> 
1. LiAIH4 
7%» 
2. H50 
СНз СНз 
(h) 
COH SOCI» COCI 
—————- 
Br Br 
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21.40 The reactivity of esters in saponification reactions is influenced by steric factors. Branching 
in both the acyl and alkyl portions of an ester hinders attack of the hydroxide nucleophile. 
This effect is less dramatic in the alkyl portion of the ester than in the acyl portion because 
alkyl branching is one atom farther away from the site of attack, but it is still significant. 


Most reactive | —————————————— — —» Least reactive 


i i i eke 
CH3COCH3 > CH3COCH2CH3 > Pe deny > See E 
CH3 CH3 
21.41 
H3 (0 
C 
Хон 
H3C CH3 


2,4,6-Trimethylbenzoic acid 


2,4,6-Trimethylbenzoic acid has two methyl groups ortho to the carboxylic acid functional 
group. These bulky methyl groups block the approach of the alcohol and prevent 
esterification from occurring under Fischer esterification conditions. A possible route to the 
methyl ester: 


Ha 9 Hs 9 
Cy С 
OH 1. NaOH OCH; 
2. СНЗЇ 
H3C CH3 H3C CH3 


This route succeeds because reaction occurs farther away from the site of steric hindrance. 
It is also possible to form the acid chloride of 2,4,6-trimethylbenzoic acid and react it with 
methanol and pyridine. 
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21.42 
(a) 


[| 
CCH, 
CH,COCI 
ol 


AICI, 


O O 
(b) || [| 
Вг MgBr COH ССІ 
М9 1. CO» SOCI» 
—— — — 
2. НзО? 


CHCH3 ССН; 


(c) О О О 
|| || || 


T 
СОСН» COH CCI CCH3 
CY H3O* 5001, (СНз) Сиу 
— __ > ———— 


Reaction of an ester with Grignard reagent produces a tertiary alcohol, not a ketone. 


(d) 


E 21. СНзМоВг 
2. 2.Hg > 


(e) 


1. Hg( 1. Hg(OAc)2, Н2О H20 СтОз 
———— 
2. NaBH, ———— H30* 


; CH=CH, CHCH% CCH3 
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21.43 


NH» 


Step 1: The carboxylic acid protonates DCC. 
Step 2: The carboxylate oxygen adds to DCC to form a reactive intermediate. 
Step 3: The amine nitrogen adds to the carbonyl group to yield a tetrahedral intermediate. 


Step 4: The intermediate loses dicyclohexylurea to produce the lactam. 
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21.44 


a ef d "NR 


C = Cae 
^ OCH5CHs 1. locH,cH, 2. 2. \ QCH2CH3 
: OCH3 
1+ 
H 
HOCH 
% HOCH5CHs CO" н 


=_ 
NOCH, 5 ^ oc, | Сбсн,он, 
OCH, 


Step 1: Protonation. 

Step 2: Addition of methanol. 

Step 3: Proton transfer. 

Step 4: Loss of ethanol. 

Step 5: Deprotonation. 

In acidic methanol, the ethyl ester reacts by a nucleophilic acyl substitution mechanism to 
yield a methyl ester. The equilibrium favors the methyl ester because of the large excess of 


methanol present. 


21.45 


Co =з wl ПЕ 2 


О = 


(CH3)3CO Cl (CH3)3CO “Oa (CH3)3CO Мз 
addition ~ - elimination + СГ 
of azide of chloride 


This reaction is a typical nucleophilic acyl substitution reaction, with azide as the 
nucleophile and chloride as the leaving group. 
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Step-Growth Polymers 


21.46 
Step 1: Water opens the caprolactam ring to form the amino acid intermediate. 
= H - 
А ic 7H + IH 
N (s 2 N + №, мн» 
Wo \ „ОН, \ он 
С=О => NOS == = 
iti j el OH 
addition - proton C - ring с^ 
of water shift opening | 


O 


Step 2: Reaction of the intermediate with a second molecule of caprolactam forms a dimer. 


H 
/ 


HH O 
N fes / // 
Fa (CHo)sC — \ AN(CH3)sC 
Go oss 
он addition of amino `0: он 


group to carbonyl 


group || proton shift 
H H 

O H od P 

П x № N(CH2)sC 

HSN(CH5)&C — М(СНә)5С x etn b 
N МО: OH 

OH ring | {> 
opening T 


Steps 3 and beyond: Reaction of the dimer with caprolactam. This process repeats itself 
many, many times until the polymer stops growing. Remember that each new bond is 
formed in a discrete step. Heat forces the equilibrium in the direction of polymer formation. 


-CHN(CHj) UE — мна js nylon 6 
е 


21.47 Look for Е. monomer units, which are difunctional compounds, in the polymer. 


O 
[ T 
T 
ссн) ie LO zu Qiana + 2n НО 
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21.48 Hydroxide opens the lactone ring, and the resulting anion can add to a second lactone 
molecule to produce a polyester. 


о; | co: Е :0;) { 
ро ШЕ] O /—N—o 
J | | == emm neni E 


[| [| [| :0: 
НОССН,СН0 — CCHCH O7 -——— HOCCH,CH, ~ О: 
т : 


| repeat many times 


T i 
сонгоно —Сон;он;о—)— 
п 


21.49 The polyimide pictured is a step-growth polymer of a benzene tetracarboxylic acid and an 
aromatic diamine. 


i i 
HOC COH 
LA. ee 
е Td 1,4-Benzenediamine O 
O О ES // 
C C 
1,2,4,5-Benzene- "d p 
tetracarboxylic acid N / Д 
C C 
// \\ 
-— S 
a polyimide + 2n НО 
Spectroscopy 


21.50 In some of these pairs, IR spectroscopy alone can differentiate between the isomers. For 
others, either ІН NMR or a combination of ЇН NMR and IR data is necessary. 


(a) 
II || 
CH3CH»CNHCH3 CH3CN(CH3)0 
N-Methylpropanamide N,N-Dimethylacetamide 
IR: 1680 стт! 1650 cm7! 
(N-substituted amide) (N,N-disubstituted amide) 
ІН NMR: опе methyl group three methyl groups 


one ethyl group 
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(b) 


HOCH CH»CH»CH»C=N 
5-Hydroxypentanenitrile 
IR: 3300-3400 cm7! 


(hydroxyl) 
2250 стт! 
(nitrile) 


(c) А 


Д 
CICHsCHsCH»COH 
4-Chloropentanoic acid 
IR: 2500-3300 cm7! 
(hydroxyl) 

1710 стт! 
(carboxylic acid) 


(d) 
CH3CH2COCH53CHs 
Ethyl propanoate 


ІН NMR: two triplets 


two quartets 


Cyclobutanecarboxamide 


1690 стт! 
(amide) 


T 
CH3OCH3CH5CCI 
3-Methoxypropanoyl chloride 


1810 cm7! 
(carboxylic acid chloride) 


CH3COCHsCHsCH3 
Propyl acetate 
one singlet 
one triplet 
one quartet 
one multiplet 


21.51 The IR spectrum indicates that this compound has a carbonyl group. 


TT 
CH3CHCOCH3 
a c b 
21.52 
(a) Q 
CH4CH5CH5CCI 

a b c 
a= 1.005 
b= 1.755 
c= 2.866 
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a= 1.696 

b = 3.798 

c= 4416 
(b) 


N=CCH»COCHCH3 
b [o a 


a= 1.326 
b= 3.518 
c= 4.278 
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General Problems 


21.53 A negatively charged tetrahedral intermediate is formed when the nucleophile OH attacks 
the carbonyl carbon of an ester. An electron-withdrawing substituent can stabilize this 
negatively charged tetrahedral intermediate and increase the rate of reaction. (Contrast this 
effect with substituent effects in electrophilic aromatic substitution, in which positive 
charge developed in the intermediate is stabilized by electron-donating substituents.) 
Substituents that are deactivating in electrophilic aromatic substitution are activating in ester 
hydrolysis, as the observed reactivity order shows. The substituents -CN and -CHO are 
electron-withdrawing; -NH; is strongly electron-donating. 


Most reactive ж Least reactive 


Y = -NO, > -C=N >-CHO > -Br > -H > -CH3 > -OCH; > -NH3 


21.54 


CH20H pos сно © R CH50 R 
CoAS R -Ht (Soa 
CHOH "det CHOH тэг" СНОН + ^ SCoA 
СНОРО 27 СНОРО 27 CH;OPOéG 
Glycerol 1-Acylglycerol 
3-phosphate 3-phosphate 


Addition of -OH to the fatty acyl CoA (Step 1), followed by loss of -SCoA from the 
tetrahedral intermediate (Step 2), produces 1-acylglycerol 3-phosphate. 


21.55 


C == О =—= EO cS 
R^ ^ OH R- ds OH R y OH 
ce) | H20: | HO* 
H20: T 


The tetrahedral intermediate T can eliminate any one of the three -OH groups to reform 
either the original carboxylic acid or labeled carboxylic acid. Further reaction of water with 
mono-labeled carboxylic acid leads to the doubly labeled product. 
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21.56 
"0 [| 
18 18 CH3CH35COCI 18 
CH3C — OH сев CH3CH20H po шй ушук CH3CH5C — OCHsCH3 + НО 
2. H30 Pyridine 


Ethyl propanoate 


Remember that the 180 label appears in both oxygens of the acetic acid starting material. 


21.57 
(a) Q 
CT Su | i -H I i 

F3C OCOCF3 ЕзС Sacs R F3C СОВЕ R 
addition of 3 ]oss of 3 
carboxylic proton 2, 
acid elimination of 

trifluoroacetate 


OGOF; * c С 
с^ 


(b) The electron-withdrawing fluorine atoms polarize the carbonyl group, making it more 
reactive toward nucleophiles. 


(c) Because trifluoroacetate is a better leaving group than other carboxylate anions, the 
reaction proceeds as indicated. 
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21.58 Formation of the dipeptide: 


Step 1: The carboxylate group from one amino acid adds to DCC to form a reactive 
intermediate. 


Step 2: The amino group of the second amino acid adds to the carbonyl group to yield a 
tetrahedral intermediate. 


Step 3: The intermediate loses dicyclohexylurea to produce the amide. 


Proton transfers occur in steps 1 and 3. 
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Formation of the 2,5-diketopiperazine: 


Step 1: Addition of carboxylate to DCC. 


Step 2: Intramolecular nucleophilic attack of the amino terminal end of the amide on the 
acylating agent. 


Step 3: Loss of dicyclohexylurea. 


Proton transfers occur in steps 1 and 2. 
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21.59 
| О О o- | 
II II ll ll ll 
Hoo C. Кешр" Hors H С Суз Hoc- C~ OH 
| 0: == | О == | 2 => | OH == “| 
[| " [М Д 
:0: Сон “Ns но: Nhs но NH :OH 
Pm v^ А 
H—NHs 
M "E 
+ HgO* .. + H20 Tent TU | 
О * OH HO: OH» HO: :OH ‘OH 
| | \ ХА \_/ | 
нос С... се ee Hee v. Ee нос Саон 
| дн== | мна | UNH = “| NH | "a 
H2C — c 9. |HoC—c 8. H2C~ o 7. HC~ o 6. Сое 2 
Į Į II ll | 
О L O O О О 4 
A summary of steps: 
Step 1: Protonation Step 2: Nucleophilic addition of NH3 
Steps 3,5,7,9: Proton transfers Step 4: Ring opening 


Step 6: Nucleophilic addition of -NH2 Step 8:Loss of H2O 


This reaction requires high temperatures because the intermediate amide is a poor 
nucleophile and the carboxylic acid carbonyl group is unreactive. 


21.60 This synthesis requires a nucleophilic aromatic substitution reaction, explained in Section 


16.7. 
NO» NO» МН NHCOCH3 
(CH3)3CO - 1. SnClo, H3O* CH3COCI 
2. OH NaOH 
Nucleophilic Reduction Aminolysis 
F aromatic OC(CH3)3 of nitro O(CH3)s O(CH3)3 
substitution group Butacetin 


The amide can be formed by the reaction of acetyl chloride with the appropriate amine, 
which is produced by reduction of the nitro group of the starting material. A nucleophilic 
aromatic substitution of -F by -OC(CH3)3 can take place because the ring has an electron- 
withdrawing nitro group para to the site of substitution. Acetic anhydride can also be used 
to acetylate the amine. 
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21.61 
ы Ба Эха 
HO HO HO 
5ОСЬ Рһепо! 
__—=ь- ——— 
Formation of Esterification 1. SnClo, H30* 
5 acid chloride Nb 2. OH 
2 2 NO2 | Reduction 
of nitro grou 
Ох „О id 
"UO 
HO 
Phenyl 4-aminosalicylate 
NH3 
21.62 

Mg, ether 1. СО» 

= ———DP 
2. H30 

Grignard SOCL 
carboxylation formation 
" of acid chloride 


HaC CN(CH»CHs) HaC СОС! 
2 EE HN(CH;CHgo ° 
-— MM 
NaOH 


N,N-Diethyl-m-toluamide formation of amide 


Grignard carboxylation yields m-methylbenzoic acid, which can be converted to an acid 
chloride and treated with diethylamine to produce the amide. 


21.63 
COH COH COH ied H 


H30% елсезз` 
554 "s 


СНәВг СНоМН» Н Снр\нр 
Tranexamic acid 
Using a rhodium catalyst, the aromatic ring is hydrogenated to form the cis-substituted 
cyclohexane, which is converted to the trans isomer by heating to 300°. The nitrile starting 
material is hydrolyzed to form a carboxylic acid, and the methyl group is brominated and 
treated with ammonia to form the amine. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


Carboxylic Acid Derivatives: Nucleophilic Acyl Substitution Reactions 579 


21.64 (a) 


+ + "« — 
НС №№: «= H5C—N-—N: 


Resonance forms show that the carbon of diazomethane 15 basic, and reaction with an acid 
can occur to form a methyldiazonium ion. 


О О 
| ae || + 
C... cH НС МЕМ а за CHa—NÆN: 
и М s 2 R^ “б; 3 
(b) 
1 1 
+ 
C... Жен, ММ: ——> C + N 
R^ ^0: EY R^ “осн. ~~ 


An 532 reaction takes place in which the carboxylate ion displaces № as the leaving group 
to form the methyl ester. 


21.65 Both steps involve nucleophilic acyl substitutions. 


Formation of acyl phosphate: 


192) О: | CoASH 
[ E 
C C + 
coas ~~ cos |coas~/ ~~ ГОО; 
Tem О О o7 
Wi == | —> \/ | 
; ee 2. „Р А 
eut 07] So of "o^ “оо, 
к j L Ho | Acyl phosphate 


Step 1: Reaction of the phosphate oxygen with the carbonyl carbon of succinyl CoA. 
Step 2: Loss of SCoA from the tetrahedral intermediate, yielding acyl phosphate. 


Conversion of acyl phosphate to succinate: 


О О i о о 9 Succinate 
* AS [| Il 
APS Е P Q В C = 
9^ Sco, o^] 0^ МЫЙ ео; -0< Ser Gos 
о о о оо ооо + 
oe T жы ee «IL ЕШ 
M a POPO -Guanosine үа чан 
0707 | on om | ООО 
СОР Өт 


Step 1: Reaction of the diphosphate oxygen of GDP with the phosphorus of the acyl 
phosphate to produce an intermediate similar to the intermediates formed in nucleophilic 
acyl substitutions of carboxylic acid derivatives. 

Step 2: Loss of phosphate to form GTP and succinate. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


580 Chapter 21 


21.66 In all of these reactions, a nucleophile adds to either carbon or phosphorus to form an 
intermediate that expels a leaving group to give the desired product. 


Formation of 1,3-bisphosphoglycerate: 


аср 
O77 \О—АРОР 
s 
Ox, Oe 
aa 
N.N — 
СНОРО 27 


i 
d ae 
ОТУ Хо ADP Or 67 
Ox 207 © Ou E, 
С С » 
| | + "OADP 
H—C— OH —- Жш. 
CH50PO4 CH50POs?* 


Е 1,3 Bisphosphoglycerate 


Enz 
O O Е 
B 3 
| ase e | Еп2 | PO4 
qo -9— x Е м^ -о=РМ м + 
9 i sae / 9 + 
90,9 TEE OxC AS Enz 
H=C=0H ее H—C—OH 
CH50PO4 CH50PO3 CH50POs3?^ 
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ND (S -Enz 
A | 


Enzyme-bound thioester 


So „Н + E Sau 

—» H—C—OH NAD* 
СНОРО 27 

Glyceraldehyde 3-phosphate 
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21.67 
O 
ce 
jn 5 
a CH (a) 
CN DS 
4 COS. 
OH 
Enz 


Enz —Nu :B 
( WY o E 
o. Ду. MOS е. Ч) 
S N 4«——— 
| Nes] 
S ME. CH3 
iS CO; 
2 
о | 
EG 
f Nu: 
О z 
каса 


In (c), the imine rearranges to ап a,f-unsaturated ester, to which the nucleophile adds to 
give the trapped p-lactamate. 


21.68 
:О: Co : ч д:) : О :О: O 
N Use кк N / \ / 
C—C¥ “он — C—C. —— C—C 
ME NS. ae Leu A /\ OH Ph^/ \ 
Ph Ph nucleophilic | Ph Ph phenyl Ph OH 
Benzil eee ja shift [proton transfer 
HO | 
ee E Чок 
+ == <— = 
BRS се Wher. s 
Ph OH proton- Ph 
ation L ә 


Benzylic acid 
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21.69 
T T js 
CH30C Е + HOCH5CHCH2OH 
Dimethyl terephthalate Glycerol 
T T 
Qoa Die 
o= © o= б 


um 9=0 


| | 
ЕСЕД 
О О О О 


The product of the reaction of dimethyl terephthalate with glycerol has a high degree of 
cross-linking and is more rigid than Dacron. 


21.70 
(a) Q (b) 
b с a e c b a 
а= 1228 a= 1.326 
b= 2.01 8 Nn , b= 4246 
c= 4.99 § d c= 6416 
d = 7.36, 7.49 ô 
e= 7.68 ô 
21.71 
(a) Q (b) 
CICH2CH2COCH2CH3 CH43CH2OCCH5COCH5CH;5 
c b d a a c b с a 
a- 1.268 a= 1.275 
b= 2.778 b= 3.348 
c= 3.7658 c= 4.208 
d= 4.198 
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21.72 Addition of the triamine causes formation of cross-links between prepolymer chains. 


он Cha OH 
CH2CHoNCHaCHCH, +0 C OCHsCHCH> 
N он, 
сн, 
CHo 
—N OH CHa OH 
нон Го ЕДЕ OCHsCHCH» 
сн, И 


21.73 This is a nucleophilic acyl substitution reaction whose mechanism is similar to others we 
have studied. 


S К) о | о 


C =” CL — C +. aCi ж” С + HCI 
кз R^ EG R^ “он : R^ ^o А 
OH addition ` elimination ~ acid—base 
Бе reaction 


ВС: can act as a leaving group because the electron-withdrawing iodine atoms stabilize the 
carbanion. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


Review Unit 8: Carbonyl Compounds 1. 
Reaction at the Carbonyl Group 


Major Topics Covered (with vocabulary); 


Aldehydes and ketones: 
-carbaldehyde acylgroup acetylgroup formylgroup benzoylgroup hydrate 


Reactions of aldehydes and ketones: 

nucleophilic addition reaction gem diol cyanohydrin imine enamine carbinolamine 
2,4-dinitrophenylhydrazone Wolff-Kishner reaction acetal hemiacetal Wittig reaction ylide 
betaine Cannizzaro reaction conjugate addition | o,p-unsaturated carbonyl compound 


Carboxylic acids and their derivatives: 
carboxylation carboxylic acid derivative acid halide acid anhydride amide ester nitrile 
—carbonitrile 


Reactions of carboxylic acids and their derivatives: 

nucleophilic acyl substitution hydrolysis alcoholysis aminolysis Fischer esterification reaction 
lactone saponification DIBAH lactam thiolester acyl phosphate polyamide polyester 
step-growth polymer chain-growth polymer nylon 


Types of Problems: 


си studying these chapters you should be able to: 
Name and draw aldehydes, ketones, carboxylic acids and their derivatives. 

— Prepare all of these compounds. 

— Explain the reactivity difference between aldehydes and ketones and between carboxylic acids 
and all their derivatives. 

— Calculate dissociation constants of carboxylic acids, and predict the relative acidities of 
substituted carboxylic acids. 

— Formulate mechanisms for reactions related to the reactions we have studied. 

— Predict the products of the reactions for all functional groups we have studied. 

— Use spectroscopic techniques to identify these compounds. 

— Draw representative segments of step-growth polymers. 


Points to Remember: 


* Tn all of these reactions, a nucleophile adds to a positively polarized carbonyl carbon to form a 
tetrahedral intermediate. There are three possible fates for the tetrahedral intermediate: (1) The 
intermediate can be protonated, as occurs in Grignard reactions, reductions, and cyanohydrin 
formation. (2) The intermediate can lose water (or -OH), as happens in imine and enamine 
formation. (3) The intermediate can lose a leaving group, as occurs in most reactions of 
carboxylic acid derivatives. 


* Many of the reactions in these three chapters require acid or base catalysis. An acid catalyst, 
protonates the carbonyl oxygen, making the carbonyl carbon more reactive toward 
nucleophiles, and/or protonates the tetrahedral intermediate, making loss of a leaving group 
easier. A base catalyst deprotonates the nucleophile, making it more nucleophilic. The pH 
optimum for these reactions is a compromise between the two needs. 
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* Here are a few reminders for drawing the mechanisms of nucleophilic addition and substitution 
reactions. (1) When a reaction is acid-catalyzed, none of the intermediates are negatively 
charged, although, occasionally, a few may be neutral. Check your mechanisms for charge 
balance. (2) Make sure you have drawn arrows correctly. The point of the arrow shows the 
new location of the electron pair at the base of the arrow. (3) In a polar reaction, two arrows 
never point at each other. If you find two arrows pointing at each other, redraw the 
mechanism. 


* Reactions of acyl halides are almost always carried out with an equivalent of base present. The 
base is used to scavenge the protons produced when a nucleophile adds to an acyl halide. If 
base were not present, hydrogen ions would protonate the nucleophile and make it unreactive. 


* Тһе products of acidic cleavage of an amide are a carboxylic acid and a protonated amine. The 
products of basic cleavage of an amide are a carboxylate anion and an amine. 


* In some of the mechanisms shown in the answers, a series of protonations and deprotonations 
occur. These steps convert the initial tetrahedral intermediate into an intermediate that more 
easily loses a leaving group. These deprotonations may be brought about by the solvent, by the 
conjugate base of the catalyst, by other molecules of the carbonyl compound or may occur 
intramolecularly. When a "proton transfer" is shown as part of a mechanism, the base that 
removes the proton has often not been shown. However, it is implied that the proton transfer is 
assisted by a base: the proton doesn't fly off the intermediate unassisted. 


* The most useful spectroscopic information for identifying carbonyl compounds comes from IR 
spectroscopy and IPC NMR spectroscopy. Carbonyl groups have distinctive identifying 
absorptions in their infrared spectra. ЗС NMR is also useful for identifying aldehydes, 
ketones, and nitriles, although other groups are harder to distinguish. The 'H NMR 
absorptions of aldehydes and carboxylic acids are also significant. Look at mass spectra for 
McLafferty rearrangements and alpha-cleavage reactions of aldehydes and ketones. 


Self-Test: 


O 
О 
CH; A C. B 
Jasmone H^ Хо Erythrocentaurin 
(used in perfumery) (a bitter tonic) 


Predict the products of the reaction of A with: (a) LiAIH4, then H3O*; (b) CoHsMgBr, then 
H30+; (c) (CH3)2NH, H30*; (d) CH30H, Н+ catalyst (e) (C6Hs5)3P+— СН»; (f) 1 equiv. 
CH3CH3NH»,, H350*. How would you reduce A to yield a saturated hydrocarbon? Where would 
you expect the carbonyl absorption of A to occur in its IR spectrum? 


Predict the products of B with the reagents (a) — (d) above. What product(s) would be 
formed if B was treated with Вг), FeBr3? Where do the carbonyl absorptions occur in the IR 
spectrum of B? Describe the !?C NMR spectrum of В. 
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О COCH3 
Снзен2о Q CH30 OH 
ЕНЕ НОН CgH5CHoCH» — N 
OH 
C D О NHCOCHCH2CH3 E 
Kethoxal | OCH3 
(antiviral) Julocrotine CH3 Xanthoxylin 


Kethoxal (C) exists in solution as an equilibrium mixture. With what compound is it in 
equilibrium. Why does the equilibrium lie on the side of kethoxal? 


Identify the carboxylic acid derivatives present in D. Show the products of treatment of D 
with (a) OH, H20 (b) LiAIH4, then H20. 


Name E. Describe the IR spectrum and !H NMR spectrum of E. 


Multiple Choice: 


1. Inwhich of the following nucleophilic addition reactions does the equilibrium lie on the side 
of the products? 
(a) Propanal+ HCN (b) Acetone + НО (с) Acetaldehyde + HBr 
(d) 2,2,4,4- Tetramethyl-3-pentanone + HCN 


2. Which alcohol can be formed by three different combinations of carbonyl compound + 
Grignard reagent? 
(а) 2-Butanol (b)3-Methyl-3-hexanol (с) Triphenylmethanol (d) 1-Phenylethanol 


3. A nitrile can be converted to all of the following except: 
(а) an aldehyde (b)an amide (с) ап amine (d) A nitrile can be converted to all of the above 
compounds. 


4. Which of the following p- substituted benzoic acids is the least acidic? 
(a) СНзСОСсН5СОН (b) CH3O0C$H5CO;H (c) ВгСєН5СОН (а) NCC,.H5CO2H 


5. А carboxylic acid can be reduced by all of the following except: 
(a) LiAIH4, then H3O* (b) BH3, THF, then H3O* (с) NaBH4, then НзО+ (d) All of these 
reagents can reduce a carboxylic acid. 


6. Which of the following carboxylic acids can be formed by both Grignard carboxylation and 
by nitrile hydrolysis? 
(a) Phenylacetic acid (b) Benzoic acid (c) Trimethylacetic acid (d) 3-Butynoic acid 


7. | Acid anhydrides are used mainly for: 
(a) synthesizing carboxylic acids (b) forming alcohols (с) introducing acetyl groups 
(d) forming aldehydes 


8. A ketone is formed from an acid halide by reaction with: 
(а) DIBAH (b)LiAIH4 (c) RMgBr (d) (CH3CH2)CuLi 
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9. From which carboxylic acid derivative can you form a ketone as the product of a Grignard 
reaction? 
(a) acid chloride (b)ester (c)nitrile (d) amide 


10. An infrared absorption at 1650 ст! indicates the presence of: 


(a) aromatic acid chloride (b) N,N-disubstituted amide (с) o,p-unsaturated ketone 
(d) aromatic ester 
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Chapter 22 — Carbonyl Alpha-Substitution Reactions 


Chapter Outline 


I. Keto-enol tautomerism (Section 22.1). 
A. Nature of tautomerism. 
1. Carbonyl compounds with hydrogens bonded to their o carbons equilibrate with 
their corresponding enols. 
2. This rapid equilibration is called tautomerism, and the individual isomers are 
tautomers. 
3. Unlike resonance forms, tautomers are isomers. 
4. Despite the fact that very little of the enol isomer is present at room temperature, 
enols are very important because they are reactive. 
B. Mechanism of tautomerism. 
1. In acid-catalyzed enolization, the carbonyl carbon is protonated to form an 
intermediate that can lose a hydrogen from its o carbon to yield a neutral enol. 
2. In base-catalyzed enol formation, an acid-base reaction occurs between a base and 
an a hydrogen. 

a. The resultant enolate ion is protonated to yield an enol. 

b. Protonation can occur either on carbon or on oxygen. 

c. Only hydrogens on the a positions of carbonyl compounds are acidic. 

II. Enols (Sections 22.2—22.4). 
A. Reactivity of enols (Section 22.2). 
1. The electron-rich double bonds of enols cause them to behave as nucleophiles. 
a. The electron-donating enol -OH groups make enols more reactive than alkenes. 
2. When an enol reacts with an electrophile, the initial adduct loses -H from oxygen to 
give an a-substituted carbonyl compound. 
B. Reactions of enols (Sections 22.3—22.4). 
1. Alpha halogenation of aldehydes and ketones (Section 22.3). 

a. Aldehydes and ketones can be halogenated at their o positions by reaction of X2 
in acidic solution. 

b. The reaction proceeds by acid-catalyzed formation of an enol intermediate. 

c. Halogen isn't involved in the rate-limiting step: the rate doesn't depend on the 
identity of the halogen, but only on [carbonyl] and [H*]. 

d. aBromo ketones are useful in syntheses because they can be 
dehydrobrominated by base treatment to form a,f-unsaturated ketones. 

2. Alpha-bromination of carboxylic acids (Section 22.4). 

a. In the Hell-Volhard-Zelinskii (HVZ) reaction, a mixture of Br»? and PBr3 can 
be used to brominate carboxylic acids in the о position. 

b. The initially formed acid bromide reacts with Br» to form an o-bromo acid 
bromide, which is hydrolyzed by water to give the a-bromo carboxylic acid. 

c. The reaction proceeds through an acid bromide enol. 

III. Enolates (Sections 22.5—22.7). 
A. Enolate ion formation (Section 22.5). 
1. Hydrogens alpha to a carbonyl group are weakly acidic. 

a. This acidity is due to overlap of a filled p orbital with the carbonyl group p 
orbitals, allowing the carbonyl group to stabilize the negative charge by 
resonance. 

b. The two resonance forms aren't equivalent: the form with the negative charge 
on oxygen is of lower energy. 
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2. Strong bases are needed for enolate ion formation. 


a. 
b. 


Alkoxide ions are often too weak to use in enolate formation. 
Lithium diisopropylamide can be used to form the enolates of many different 
carbonyl compounds. 


3. When a hydrogen is flanked by two carbonyl groups, it is much more acidic. 


a. 


Both carbonyl groups can stabilize the negative charge. 


B. Reactivity of enolate ions (Section 22.6). 
1. Enolates are more useful than enols for two reasons: 


a. 
b. 


Unlike enols, stable solutions of enolates are easily prepared. 
Enolates are more reactive than enols because they are more nucleophilic. 


2. Enolates can react either at carbon or at oxygen. 


a. 
b. 


Reaction at carbon yields an o-substituted carbonyl compound. 
Reaction at oxygen yields an enol derivative. 


C. Reactions of enolate ions (Sections 22.6—22.7). 
1. Base-promoted o-halogenation. 


a. 


b. 
e: 


d. 


Base-promoted halogenation of aldehydes and ketones proceeds readily because 
each halogen added makes the carbonyl compound more reactive. 
Consequently, polyhalogenated compounds are usually produced. 

This reaction is only useful with methyl ketones, which form HCX, when 
reacted with halogens. 

This reaction is known as the haloform reaction. 

i. The HCX; is a solid that can be identified. 

ii. The last step of the reaction involves a carbanion leaving group. 


2. Alkylation reactions of enolates (Section 22.7). 


a. 


General features. 

i. Alkylations are useful because they form a new C-C bond. 

ii. Alkylations have the same limitations as 542 reactions; the alkyl groups 
must be methyl, primary, allylic or benzylic. 

The malonic ester synthesis. 

i. The malonic ester synthesis is used for preparing a carboxylic acid from a 
halide while lengthening the chain by two carbon atoms. 

п. Diethyl malonate is useful because its enolate is easily prepared by reaction 
with sodium ethoxide. 

ш. Since diethyl malonate has two acidic hydrogens, two alkylations can take 
place. 

iv. Heating in aqueous НСІ causes hydrolysis and decarboxylation of the 
alkylated malonate to yield a substituted monocarboxylic acid.. 
(a). Decarboxylations аге common only to f-keto acids and malonic acids. 

v. Cycloalkanecarboxylic acids can also be prepared. 

The acetoacetic ester synthesis. 

i. The acetoacetic ester synthesis is used for converting an alkyl halide to a 
methyl ketone, while lengthening the carbon chain by 3 atoms. 

ii. As with malonic ester, acetoacetic ester has two acidic hydrogens which are 
flanked by a ketone and an ester, and two alkylations can take place. 

iii. Heating in aqueous НС] hydrolyzes the ester and decarboxylates the acid to 
yield the ketone. 

iv. Most f-keto esters can undergo this type of reaction. 

Direct alkylation of ketones, esters, and nitriles. 

1. LDA ina nonprotic solvent can be used to convert the above compounds to 
their enolates. 

ii. Alkylation of an unsymmetrical ketone leads to a mixture of products, but 
the major product is alkylated at the less hindered position. 
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Solutions to Problems 


22.1-22.2  Acidic hydrogens in the keto form of each of these compounds are bold. One of 
these hydrogens is removed by base when an enolate is formed. 


Number of 
Keto Form Enol Form Acidic Hydrogens 
(a) О OH 4 
H H 
H H 
(b) 
Q H 3 
i с. 
Ўсе “ѕснз "c^ “вон, 
н H H 
(c) О 
H 3 
| 
"e^ ~OCH2CHg "c^ ~OCHsCH3 
H H 
(d) H 2 
T 0 
Вее НзС zv 
£N | 
H H 


(e) 
e 9 QH 4 
C 


Md Seen ee teu 
ÁN | 
H H H 
(f) Е 
OH OH 
0 | or | 
„Өм: „Н Zoe" ea 

VAN /\ | ZN /\ | 
H HH H H H H H H 


In (d) and (f), cis and trans enolates are possible. 
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22.3 
О О OH О OH 
Of X On , 0 3 on , 0 
equivalent; equivalent; 
more stable less stable 
The first two monoenols are more stable because the enol double bond is conjugated with 
the carbonyl group. 
22.4 


E Iv 5 ко @ 


T " 
| | + НОО» 
Zon 


— H C — 
HaC^ ` CHa У “GH НС СНз 
deuteration H H loss of proton enol 
of carbonyl ~ ~ at alpha position 
oxygen 
" P TES 
Б to Y “00, 
PR D „О 
(| : || D Q + D40* 
C => D C <= D C 
HC” `Ch SOC NOH. Е ROMS 
enol deuteration ТИ 3 x: ү? 
of enol 7 | fd ; 
double bond oss of deuterium 


on carbonyl oxygen 


22.5  Alpha-bromination, followed by dehydration using pyridine, yields the enone below. 


i i T 
C CH Br CH, pyridine C CH 
CH4CHZ "Q^ 2% 72 X снсн “С ———— CH4cH; ^C^ * 
IN CH3CO5H heat | 
HH HBr H 


]-Penten-3-one 
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22.6 


PBr 
H C LL H 
“о “OH `с 


= 


/N 
H  CH(CH3)CH2CH3 


formation 
of acid bromide 
II 
Br „С. JEROME. 
Pd OCHs reaction 
н | CH(CH3)CH2CHs with 
methanol 


Methyl 2-bromo-3-methylpentanoate 


/N 
H  CH(CH3)CH&SCHg enolization 


| 
Нн 26 


T 
CH(CH3)CH2CH3 


Bro | 


О 
|| 


Br C 
"c^ Br 


Br 


alpha- 
substitution 


ZN 
н  CH(CH3)CH2CH3 


The mechanism of the ester-forming step is a nucleophilic acyl substitution, which was 


described in Chapter 21. 
Go: О: О: О 
| l A l 
Br —- Br ~ Br ~ — Br 
/ N / N*OGHs / N QCh AN 
HOCH addition a Н loss of elimination + Br 
of methanol ‘Base proton of bromide 


22.7 Hydrogens о to one carbonyl group (or nitrile) are weakly acidic. Hydrogens a to two 
carbonyl groups are much more acidic, but they are not as acidic as carboxylic acid 


protons. 
(a) Ө (b) Q 
НС. „С -Cnn ,H 
C CH3)3C C 
/N (©Нз)з Ж 
н H н H 
weakly acidic weakly acidic 
(d) Q (e) 
Д CH3CH> 
H Нн 


weakly acidic weakly acidic 


(f) 


CH3 
weakly acidic 
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22.8 Nitriles are weakly acidic because the nitrile anion can be stabilized by resonance involving 
the z bonds of the nitrile group. 


НСС =N —<_———~ HC =C =N: 


22.9 Halogenation in acid medium is acid-catalyzed because hydrogen ions are regenerated: 


О 
[ H* [ А 
О RNG) ER OOH Бы OG 


x м 


Halogenation in basic medium is base-promoted because a stoichiometric amount of base is 


consumed: 
T T 
Hp er Xo + В: —— ас BH + X 


/ N / N 


22.10 The malonic ester synthesis converts a primary or secondary alkyl halide into a carboxylic 
acid with two more carbons (a substituted acetic acid). Identify the component that 
originates from malonic ester (the acid component). The rest of the molecule comes from 
the alkyl halide, which should be primary or methyl. 


(a) а 
from halide a PhCH» 7X CH2CO2H А from malonic ester 


- 


1. Na* СОЕ! 
CHa(COSEQ, +a V, PhCHə—CH(COEt)> + Мав 
21892208 2. РҺСНВг 2 (02202 m 


| H3O*, heat 


CH» — CH2CO5H * СО» * 2 EtOH 
3-Phenylpropanoic acid 
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(b) LAGE TIS Ie T Sis 
{CHaCHeCHek CHCO^H ? from malonic ester 
from halide \CH3 } 
+ — 
CHo(COsEt)o косар EE CH3CH3CH5 — CH(CO5Et)2 + NaBr 


|. Na* СОЕ 


2. CH3Br 
PRU UM 
CH3 CH3 
2-Methylpentanoic acid 
+ CO, + 2 EtOH 


(c) 2-6 v. ms 


- 
`~ - m 


from halide ((CHg)9CHCH2 3€ СНЬСО»Н ; from malonic ester 


1. Ма? ^ OEt 
СН(СОЕ) —— 2 X (CHg)CHCH»—CH(COzEt)> + NaBr 
2. (CH3)eCHCHoBr 


| H3O*, heat 
(CH3):CHCH5 — CH9CO;H + СО» + 2 EtOH 
4-Methylpentanoic acid 


22.11 Since malonic ester has only two acidic hydrogen atoms, it can be alkylated only two 
times. Formation of trialkylated acetic acids is thus not possible. 


22.12 
from malonic ester 
a = on 
gull 
from halides еи 
CHA(COSEt) _1. Ма” OR | CH4CHCH5— CH(COSEt)) + NaBr 
ERO ECT 2. CH3CHCH>Br nd “уе 
| СНз] 1. Nat ~OEt 
CH 
: 2. CHBr 
н.о? 
CPG HOH =CHGOH e CH3CHCH3—Ç(CO2Et) + NaBr 
ea 
CH3 CH3 СНз С 


2,4-Dimethylpentanoic acid 
+ СО» + 2 EtOH 
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22.13 As in the malonic ester synthesis, you should identify the structural fragments of the target 
compound. The acetoacetic ester synthesis converts an alkyl halide to a methyl ketone 
("substituted acetone"). The methyl ketone component comes from acetoacetic ester; the 
other component comes from a halide. 


(a) 27975 


Lem cM А | \ 
2 


from halide ¢ (CHg)2CHCHp +4CHaCCH,g / from acetoacetic ester 


M 
- 


Q 
| 1. Nat "OEt 
chocoh Ма OEt __„ (CHj4CHCHa— сносна + NaBr 
| 2. (CH3)eCHCHoBr | 
СОЕ СОЕ 
| H3O*, heat 


Д 
(CH3)p>CHCHs — CH5CCH34 + СО» + EtOH 
5-Methyl-2-hexanone 


b ET 
(b) кагы Г» 

from halide (CgHgCH2CHa 3CH2CCHg / from acetoacetic ester 

f 1. Na* "OEt | 

CH2CCH3 CgH5CH5CH5 — CHCCH3 * NaBr 

| 2. CsH5CH2CHəBr | 

COSEt COSEt 

| НгО”, heat 


О 
Д 
CgH5CH5CH»5 — СНССНз F СО» * EtOH 


5-Phenyl-2-pentanone 


22.14 The acetoacetic ester synthesis can only be used for certain products: 
(1) Three carbons must originate from acetoacetic ester. In other words, compounds of 
the type RCOCH;3 can't be synthesized by the reaction of RX with acetoacetic ester. 
(2) Alkyl halides must be primary or methyl. 
(3) The acetoacetic ester synthesis can't be used to prepare compounds that are 
trisubstituted at the о position. 


(a) (b) (c) 
H H Е О 
\/ | ARE 
C CH C 
MATS чм 3 ч 
CH3 CH3 

Il H PS 

О 3 3 

Phenylacetone Acetophenone 3,3-Dimethylbutan-2-one 


(a) Phenylacetone can't be produced by an acetoacetic ester synthesis because 
bromobenzene, the necessary halide, does not enter into Sy2 reactions. [See (2) 
above.] 
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(b) Acetophenone can't be produced by an acetoacetic ester synthesis. [See (1) above.] 


(c) 3,3-Dimethyl-2-butanone can't be prepared because it is trisubstituted at the a position. 
[See (3) above.] 


22.15 
сасон Se аа un О. COE »+2мав 
| 27" 9 2.BrCH;CH;CH5CH;Br н.с“ 2 = 
3 
СО,Еї 


5 | H3O*, heat 
] 


p + СО; + EtOH 


22.16 Direct alkylation is used to introduce substituents о to an ester, ketone or nitrile. Look at 
the target molecule to identify these substituents. Alkylation is achieved by treating the 
starting material with LDA, followed by a primary halide. 


(a) О О 
|| 1. LDA T 
CH2CCH3 Spe CHCCH3 
2. СНЗІ | 


CH3 
3-Phenyl-2-butanone 


Alkylation occurs at the carbon next to the phenyl group because the phenyl group can help 
stabilize the enolate anion intermediate. 


S снзсн,сн,сн,с=м 20А CH34CH2CH5CHC ÆN 
LI ——————- === 
PUES ATE 2. CHCH TOME 
CH5CH3 
2-Ethylpentanenitrile 
(c) CHCH — CH; 
1. LDA 
——————— 
2.ICH9CH — CH; 
О О 
2-Allylcyclohexanone 
H4C CH3 
1. excess LDA H3C CH3 
——————— 


2. excess CHs3I 


2,2,6,6-Tetramethylcyclohexanone 
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(e) 

i i 

C C 

"CHSCHg 1. LDA `єнсєӊ 
2. CH3I CH3 
Isopropyl phenyl ketone 
0 сш o CH, О 
| Il 1. LDA | Il 
CH3CHCH2COCHs5 Lu xr D gm CH3CHCHCOCH3 
2. CH3CHoI | 
CH2CH3 


Methyl 2-ethyl-3-methylbutanoate 


Visualizing Chemistry 


22.17 (a) Check to see if the target molecule is a methyl ketone or a substituted carboxylic acid. 
(The target molecule is a methyl ketone, and the reaction is an acetoacetic ester synthesis.) 
Next, identify the halide or halides that react with acetoacetic ester. (The halide is 1-bromo- 


3-methyl-2-butene.) Formulate the reaction, remembering to include a decarboxylation 
step. 


a II 
from halide Choo = ccn хоњоону from acetoacetic ester 


[ || 
Сн,Ссн; мона (СНз) С==СНСН, —СНССН + NaBr 
СОЕ! CO,Et 
| НзО?, heat 


| 
СО» + EtOH + (CH3)5C = СНСН» — CH5CCH; 
6-Methyl-5-hepten-2-one 


(b) This product is formed from the reaction of malonic ester with both benzyl bromide and 
bromomethane. 


m = -- 2 
2 - ка 


(CeHsCHaE Сноогн ^ from malonic ester 
qJ- g 
from halides К (CH; ; 
1. Nat ОЕ! 


CH53(CO5Et)o "2. CgHsCH>Br - CgH5CHs — CH(CO>Et)o + NaBr 
1. Na* ОЕ! 


H + 
Сенно —СНСОгн —— Овнвсно —С(СОгЕ); 
CH3 CH 


2-Methyl-3-phenylpropanoic acid + CO, + 2 EtOH 


+ NaBr 
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H H 
HO O = O O HO O 
OH 
=> 
H20 2 


Ordinarily, p-diketones are acidic because they can form enolates that can be stabilized by 
delocalization over both carbonyl groups. In this case, loss of the proton at the bridgehead 
carbon doesn't occur because the strained ring system doesn't allow formation of the 
bridgehead double bond. Instead, enolization takes place in the opposite direction, and the 
diketone resembles acetone, rather than a f-diketone, in it pK, and degree of dissociation. 


22.18 


22.19 


Enolization can occur on only one side of the carbonyl group because of the two methyl 
groups on the other side. The circled axial hydrogen is more acidic because the p orbital 
that remains after its removal is aligned for optimum overlap with the z electrons of the 
carbonyl oxygen. 


Additional Problems 


Acidity of Carbonyl Compounds 


22.20 Acidic hydrogens are bold. The most acidic hydrogens are the two between the carbonyl 
groups in (b) and the hydroxyl hydrogen in (c). The hydrogens in (c) that are bonded to 
the methyl group are acidic (draw resonance forms to prove it). 


b 
(a) ? QU uu ©) 
СнзснгснСснз Ow 20 HOCH,CH5CC Z CCH3 
CH; 
H H 
H H 
(d) (e) А (0 5 
CO2CH3 [ [l 


a a o 
| 
CH5CN 
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22.21 Check your answer by using the pK;s in Table 22.1. 


Least Acidic 


oO TT Most Acidic 


О 
|| || II || || 
(CH3CH»)2NH < CH3CCH3 < СНЗСНОН < CH3CCH»CCH3 < CH3CH»COH < CCICOH 


22.22 


H3C С. „С H3C C C НС. 
3 `2 "67 X р 3 `2 "e? X Д 3 "e^ ue “бн, 
Н 
E T id " [ 
NA "NA Му. 
SS - SS "S 
Gv. JG ч ——— C C e —— — C C 
E OH. soe “сн, а "CH 
H H 
MEN. | | \ 
НР 8 see's ees хое °З 
:O: ʻO: Jo :О: 
| Й 
| | = 
С СНз C. СНз сг ©З 
<> | -— 
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„О: 
( о: 


22.23 Enolization at the y position produces a conjugated enolate anion that is stabilized by 
delocalization of the negative charge over ће л system of five atoms. 


22.24 The illustrated compound, 1-phenyl-2-propenone, doesn't yield an anion when treated 
with base because the hydrogen on the a carbon is vinylic and isn't acidic (check Table 
22.1 for acidity constants). 


| 
CL CH, 
T ]-Phenyl-2-propenone 


H 
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a-Substitution Reactions 


22.25 
а) CO5H 
2 COH 
COH heat 
+ СО» 
(b) CH, 
Ed a t.Na"og O 9 
2. СНЗІ 
(c) PBra но 
CH3CH2CH92CO5H “вы 7 ЧОНО —- кын HER 
Br A Br B 
(d) О О 
II [| 
С CL = 
CH3 “Он, H20 
+ HCI5 
h 
22.26 
(a) = 
| H3O*, heat 
EtOH 
CH4CH5CH5CH5CO5Et dr THER CH4CH5CH5CH5CO5H 
H` catalyst 
Ethyl pentanoate + CO, + 2 EtOH 
(b) 1. Na* TOEt 
CH»(CO-Et = СНз)-СН — CH(COs5Et)h + NaB 
21002202 2. (СНз)2СНВг (©93)2 еа d 
| H3O*, heat 
EtOH 
(CH3)2CHCH2CO»Et ESATO (CH3)2>CHCH»CO5H 
H` catalyst 
Ethyl 3-methylbutanoate + СО» + 2 EtOH 


Some elimination product will also be formed. 


601 
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(c) 


CH3 
+- 1. Na* ОЕ! | 
CHacosEg, 1Na ОЕР, ch ed бн вр -—5— = CHIOHSC(COSEf 
2. CHaCH?Br 2. CHgBr 
+ NaBr + NaBr 


H40O*, heat 

CH3 CH, | 520988 
EtOH 

CH3CH5CHCOSEt <= CH3CH5CHCO5H + СО» + 2 EtOH 


H* catalyst 
Ethyl 2-methylbutanoate 


(d) The malonic acid synthesis can't be used to synthesize carboxylic acids that are 
trisubstituted at the alpha position. 


22.27 Look back to Problem 22.14, which describes compounds that can be prepared by an 
acetoacetic ester synthesis. Neither (a) or (c) are products of an acetoacetic ester synthesis 
because the halide component that would be needed for each synthesis doesn't undergo 


Sn2 reactions. Compound (b) can be prepared by the reaction of acetoacetic ester with 1,5- 
dibromopentane. 


22.28 Two alkylations are needed if the target molecule has two alkyl groups oto the carbonyl 


group. 
(a) Ө Ü 
CH don 1.2 Na" Ой (CH4CH5) Beck mo. (CHgCHs) CHOCH 
el 
ao 9 2.2 CHSCHSBI See s ET 3712/2 3 
COSEt COEt 3-Ethyl-2-pentanone 
+ 2 NaBr + COs + EtOH 
(b) о 
| 1. Ма? “ОЕ! 


| 
CH CCH, Ё CH2CH»CH»CHCCH, + NaBr 
| ©З 15 CORSOHSOHABE SEM EE 3 


COSEt COSEt 
1. Na* ^OEt 
2. CH3Br 
HC О H3C О 
| Д H,0* I Il 
CHgCH2CHoCH —CCHg  —— CHaCH2CH2C —CCHg *  NaBr 
3-Methyl-2-hexanone COSEt 


+ COS + EtOH 
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22.29 Use a malonic ester synthesis if the product you want is an o-substituted carboxylic acid or 
derivative. Use an acetoacetic acid synthesis if the product you want is an o-substituted 


methyl ketone. 
1.2 Ма ОЕ 
CH4C(COS5Et * 2 NaB 
CHA(COZEt)p 5 CHBr set 2Et)o aBr 
CH3 
(b) о 
q -— CCH3 
(se сс" [ X j RE 
BINA OT Haga ODE 
COjEt COSEt 
| H3O*, heat 
T 
CCH; + СО, + EtOH 
H 
(c) 


duco EE Ne OM COZPU NaBr 
BO AET BrCHSCH5CH5Br COSEt 


| H3O*, heat 


d dd + СО» + 2 EtOH 
H 
O 


(d) Q 
| 1. Na* ~OEt Д 
Снссна ==. HsC=CHCHsCHCCH3 + NaBr 
СО,Еї СОЕ! 
| H3O*, heat 


|| 
H5C = CHCH2CH2CCH3 + СО» + EtOH 


22.30 The haloform reaction (Problem 22.25d) is an alpha-substitution reaction in which a 


methyl ketone is trihalogenated at the alpha position, and the trihalomethyl group is 
displaced by —OH. It is a test for methyl ketones. 


Positive haloform reaction: Negative haloform reaction: 


O 
Д Д 
(а) CH3CCH3 (b) CgH5CCH, (c) CH4CH5CHO (d) CH3CO5H (e) CH3CN 
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22.31 First, treat geraniol with РВгз to form (CH3)2C=CHCH2CH2C(CH3)=CHCH2Br 


(geranyl bromide). 
(a) 
1. LDA 
СНзСО»Е! 2. бегапу! _ (CH3)oC = CHCH2CH2C(CH3) = СНСН»СН»СО»Е! 
bromide Ethyl geranylacetate 
Alternatively: 
1. Na* ^ OEt - m 
CH(COZEt)2 5 етапу 7” (CHs)20 — CHCH;CH;C(CHs) — CHCH>CHp(CO2E)2 
bromide | H3O*, heat 


СО» + 2 EtOH + (CH3)oC = CHCH2CH2C(CH3) = СНСН»СН»СО»Н 


1. 5ОСЬ 
| 2. EtOH, pyridine 


(CH3)2C = CHCH2CH2C (CH3) = CHCH2CH3COsEt 


Ethyl geranylacetate 
(b) 
CH ШҮ 202 208 (СНз) С = CHCH5CH5C(CH3) = CHCH Sic 
| 2 3 2. Geranyl 3/2 2772 3 2 1 3 
CO5Et bromide | H3O*, heat СО»Е! 
T 
СО» + EtOH + (CH3)oC =CHCH2CH2C (CH3) =CHCH2CH2CCH3 
Geranylacetone 
22.32 
Dialkylation of diethylmalonate: 
ЕОС „СОЕ ЕОС СОЕ ЕОС СОЕ 
1. Na* ^OEt 1.Ма OE. 
2. нос снсновг NETS 2CHBr 
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Nucleophilic acyl substitution: 


T 
С О О 
HoN^ “мн [| [| 
m + C = 
О н,м< "NH E HNI “мн OQ: 
NN СУБ A ai SeA 
Et —> Et —» Е A 
: E ~OEt T n "oEt : 6 "QEt 
H* 
O | О 
| || 
С С 
ну“ NH нм “ан 
ag" Cy << EtO5C Us 
EtOH + 
Aprobarbital N N 


This series of steps is repeated to form the 6-membered ring. 
General Problems 


22.33 When a compound containing acidic hydrogen atoms is treated with NaOD in D20, all 
acidic hydrogens are gradually replaced by deuterium atoms. For each proton (atomic 
weight 1) lost, a deuteron (atomic weight 2) is added. Since the molecular weight of 
cyclohexanone increases by four after NAaOD/D5O treatment (from 98 to 102), 
cyclohexanone contains four acidic hydrogen atoms. 


О О 
H H ^ NaOD, D;O D B 
H Boe фр D 


22.34 Reaction of (R)-2-methylcyclohexanone with aqueous base is shown below. Reaction with 
aqueous acid proceeds by a related mechanism through an enol, rather than an enolate ion, 


intermediate. 
Go: ВТ OH О + OH 
H U H 
--CHg CH3 


(R)-2-Methylcyclohexanone 

Carbon 2 loses its chirality when the enolate ion double bond is formed. Protonation 
occurs with equal probability from either side of the planar sp?^-hybridized carbon 2, 
resulting in a racemic product. 
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22.35 


(S)-3-Methylcyclohexanone 


(S)-3-Methylcyclohexanone isn't racemized by base because its chirality center is not 
involved in the enolization reaction. 


22.36 The Hell-Volhard-Zelinskii reaction involves formation of an intermediate acid bromide 
enol, with loss of stereochemical configuration at the chirality center. Bromination of (R)- 
2-phenylpropanoic acid can occur from either face of the enol double bond, producing 
racemic 2-bromo-2-phenylpropanoic acid. If the molecule had a chirality center that didn't 
take part in enolization (Problem 22.35), the product would be optically active. 


O O CH O O 
CO5CHs5 COsCH3 СНз H3C CH3 
a b с 


(а) Na* OCHs, then CH3I; (b) H30*, heat; (с) LDA, then CH3I (some 2,2- 
dimethylcyclohexanone may also be formed). 


22.37 


22.38 


Бөф IG La Я 
ʻO: V DH (9н + НзОо? 
Y Y H 


=” = 
protonation of J abstraction 
carbonyl oxygen of a proton enol 


Е = H 
OH + 3. @ С :О: 
R \ лоно . 
+ H30 

———À — 

a == 

н— Он» | 
protonation loss of proton 


aty position on oxygen 
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22.39 


Ço: (9н “О: HOF :O: 
Сүн H zH H 
=” <> =_= LÍ 
(| вон 
H H H Qc 


Р "lo ‚+ OH 
abstraction protonation 
of a proton aty position 


The enolate of 3-cyclohexenone can be protonated at three different positions. Protonation 
at the y position yields the a,8-unsaturated ketone. 


22.40 


H 
CH3 


H => =—= H 
HOS abstraction 


nun H of y proton 
HO: H J 


fi HO: ТО: 
H H 
a S 
—> H CH == 
abstraction protonation 
of a proton H H ata position 


= 

=> 

_ СНз | СНз 
protonation H 


H Bu. | at y position H H 
epe 


All protons in the five-membered ring can be exchanged by base treatment. 
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22.41 Protons o to a carbonyl group or y to an enone carbonyl group are acidic (Problem 22.39). 
Thus for 2-methyl-2-cyclopentenone, protons at the starred positions are acidic. 
О 
CH3 


Isomerization of a 2-substituted 2-cyclohexenone to a 6-substituted 2-cyclohexenone 
requires removal of a proton from the 5-position of the 2-substituted isomer. Since protons 
in this position are not acidic, double bond isomerization does not occur. 


22.42 
: Base 
2-ОзРОСН, нс H 2-ОзРОСН, 
Co. 
С 
2 I^^ Мор Z^ NE 
INR NSZ 
H OH OH 


CH3 


22.43 Decarboxylation, which takes place because of the stability of the resulting anion, is 
followed by protonation. 


O 
NS Mrz 
AG, | 
П] CO» 
COS —— 
(S = О + СО» 
О O О EN 
H—A | 
CO 
+ A 
O 
HO 


22.44 A nitroso compound is analogous to a carbonyl compound. If there are hydrogens o to the 
nitroso group, enolization similar to that observed for carbonyl compounds can occur, 
leading to formation of the more stable oxime. If no hydrogens are adjacent to the nitroso 
group, enolization to the oxime can't occur, and the nitroso compound is stable. 
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22.45 


(a) Е 


PhgP— CH 
reca Т 
TH 


(b) онон arg CHBr 
of (a) 2. "H07, -OH 


CHoCgHs 
1. LDA 


(b CH5CH(COSEt), CH CH»CO>H 


ot +2 EtOH 

H heat 

CHo(COoEt), 1 №“ ОЕ. Ес нач + СО» 
2. 2. product of (b) - of (b 


e) О HO CN СОН 


NaCN H30* 
——- ———- 
H30* heat 


Warm aqueous acid both hydrolyzes the nitrile and dehydrates the alcohol. 


(f) 
Br 


Bro Pyridine 
————- 
CH3CO5H heat 
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22.46 Treatment of either the cis or trans isomer with base causes enolization o to the carbonyl 
group and results in loss of configuration at the a position. Reprotonation at carbon 2 
produces either of the diastereomeric 4-tert-butyl-2-methylcyclohexanones. In both 
diastereomers the tert-butyl group of carbon 4 occupies the equatorial position for steric 
reasons. The methyl group of the cis isomer is also equatorial, but the methyl group of the 
trans isomer is axial. The trans isomer is less stable because of 1,3-diaxial interactions of 


the methyl group with the ring hydrogens. 


О 
2 
di -OH 
(СНз)зС СНз (СНз)зС 
H 
H cis H 


"m CH3 


22.47 (a) Reaction with Br» at the a position occurs only with aldehydes and ketones, not with 


esters. 
(b) Aryl halides can't be used in malonic ester syntheses because they don't undergo Sy2 


reactions. 
(c) The product of this reaction sequence, HxC=CHCH2CH2COCHs3, is a methyl ketone, 


not a carboxylic acid. 


22.48 The reaction of cyclohexanone and fert-butylmagnesium bromide gives the expected 
carbonyl addition product. The yield of the tert-butylmagnesium bromide addition product 
is very low, however, because of the difficulty of approach of the bulky tert- butyl 
Grignard reagent to the carbonyl carbon. More favorable is the acid-base reaction between 


the Grignard reagent and the acidic carbonyl a proton. 


OMgBr 


E 
28 Гас РЧА + НС(СНз)з 
3)3 


When D30* is M to the reaction mixture, the deuterated ketone is produced. 


OMgBr О 
D 


22.49 
A `: Base 
H 
= H O 
"Coon H—C—OH pe, ч 
=> ME = =” | 
1 C—O: 2 C —OH 3. H—C— OH 


Step 1: Base-catalyzed enolization. 
Step 2: Equilibration of two enolates by proton transfer. 
Step 3: Protonation. 
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22.50 
Step 1: Loss of proton at the a position. Step 2: Displacement of bromide. 
Step 3: Nucleophilic addition of “OH. Step 4: Ring opening. 
Step 5: Proton transfer. Step 6: Protonation. 
22.51 
со + :0: Сн —NEN " 
y iCHa — NEN TAA + No 
—_—> ——- 
nucleophilic addition bond migration 
of diazomethane and loss of № 
22.52 
^ `: Ваѕе 
CgHs —Se—Cl Эа = 
Q on? «oo * Cl 
] На Gi Îl 


Step 1: Acid-catalyzed enolization (Figure 22.1). 
Step 2: Attack of enol xelectrons on phenylselenyl chloride, with loss of СТ. 
Step 3: Loss of proton. 
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22.53 Start at the end of the sequence of reactions and work backwards. 


(a) Because the keto acid CoH; 3NO3 loses CO» on heating, it must be a f-keto acid. 
Neglecting stereoisomerism, we can draw the structure of the f-keto acid as: 


on COH | COH СОСН; 
\ 
5 К 70H i ` O2CPh 
keto acid Ecgonine Cocaine 


(b) When ecgonine (CoH15NO3) is treated with CrO3, the keto acid CoH43NO3 is 
produced. Since CrO; is used for oxidizing alcohols to carbonyl compounds, ecgonine 
has the structure shown above. Again, the stereochemistry is unspecified. 


(c) Ecgonine contains carboxylic acid and alcohol functional groups. The other products of 
hydroxide treatment of cocaine are a carboxylic acid (benzoic acid) and an alcohol 
(methanol). Cocaine thus contains two ester functional groups, which are saponified on 
reaction with hydroxide. 


The complete reaction sequence: 


H4C ~ НС ~ 
uM COsCHg ЕЕ: COH 
+ CH3OH 
H OH, H20 
———————- 
+ CgHsCOoH 
H O5CPh H OH 
Cocaine Ecgonine 
| СгОз, H30* 
HaC — НзС ~ 
ты c COH 
heat 
+ СО» E — — — — — H 


N 
Tropinone о ketoacid о 
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22.54 Laurene differs in stereochemical configuration from the observed product at the carbon a 
to the methylene group. Since this position is a to the carbonyl group in the precursor to 
laurene, enolization and isomerization must have occurred during the reaction. 

Isomerization of the ketone precursor is brought about by a reversible reaction with the 
basic Wittig reagent, which yields an equilibrium mixture of two diastereomeric ketones. 
One of the ketone isomers then reacts preferentially with the Wittig reagent to give only the 
observed product. 


I + 
е: ..- HoC=PPh 
(Fo: NT :0: = 3 
H НС —PPhs du H 
TI CH3 CH3 
————- 
© e 
Acid-base reaction 
CH3 CH3 between the starting CH3 CH3 
material and the E Е 
Wittig reagent | isomerization 
of enolate 
CHo 
CH3 О mre SE 
iex + НСРР 
--H Wittig CH3 2 3 
reaction scel 
E 


(Figure 19.13) я 
СНз СНз 
CH3 СНз 


22.55 The key step is ап intramolecular alkylation reaction of ће ketone o-carbon, with the 
tosylate in the second ring serving as the leaving group. 


O 7 


Base 
————- 


abstraction 
of a proton 


—OTos as a 


| | alkylation, with 
leaving group 


Z HaC 
m + 


= — 
B d Wittig reaction R 
` 
H * OTos 
H 3g 


Sativene 
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22.56 
Na* СОЕ! 7. 
CH,CNHCOOSEL ——= CHSCNHCCOSE! 
formation 
OHE of enolate Е бора 
| CH3I alkylation 
O HC О 
| H3O*, heat E 
га -————————- CHC Enric —c ior 
ester hydrolysis 
CHG amide hydrolysis СОЕ? 
Alanine decarboxylation 


+ 2 EtOH + СО» + CH4CO;H 


Acid hydrolyzes both ester bonds, as well as the amide bond, by mechanisms that were 
shown in Figure 21.8 and Section 21.6. Decarboxylation of the -keto acid produces 


alanine. 
22.57 
CHo(CO>Et ЕЗ8 OE CH3)aCHCHsCH(COzEt 
20020 2. (CHgCHCHgBr  (3)2CHCH2CH(CO2E2 
| H3O*, heat 
1" 
1. Bro, PB 
(CHggCHCH;CHCOSH = —2- (8. (CHg)9CHCH2CH2COoH + CO, + 2 EtOH 
112 
МН 
? м 
(CH3)pCHCH»CHCO>H 
Leucine 


A malonic ester synthesis is used to form 4-methylpentanoic acid. Hell-Volhard-Zelinskii 
bromination of the acid, followed by reaction with ammonia, yields leucine. The last 
reaction is an Sy2 displacement of bromide by ammonia. 
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22.58 
^ в: X 
H—A 
— H — 
Cs M 1 2 
О О 
+ 
Сагуопе 
<< 
4. 
OH Ё, о) 
Carvacrol H AT 
8:4 
Step 1: Protonation. Step 2: Hydride shift. 
Step 3: Deprotonation. Step 4: Enolization to form the aromatic ring. 
22.59 This sequence resembles the one shown in Problem 22.32. 
ЕОС COSEt ЕОС СОЕ 
1. Na* ^ OEt 1. Na* СОЕ! 
CH5(COSEt)s - eee ы 
2. CH4CH(Br)CHoCH5CH;4 2. CH3CHoBr 
S 
c 5 
HoN^ “мн, I I 
+ 
E HoN^Z “МН, :0 HN NH ÇO 


Cy TH C 
HN^ S HN^ "N^ HoN^ "NH 
| | => | | < е 
32 C So Е: C Oso EtO.C Oxo 
7 EtOH + 7 j 
Sodium Pentothal 


The series of steps is repeated to form the 6-membered ring. 
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Chapter 23 — Carbonyl Condensation Reactions 


Chapter Outline 


I. The aldol reaction (Sections 23.1—23.6). 
A. Characteristics of the aldol reaction (Sections 23.1—23.2). 
1. The aldol condensation is a base-catalyzed dimerization of two aldehydes or 
ketones. 
2. The reaction can occur between two components that have о hydrogens. 
3. One component (the nucleophilic donor) is converted to its enolate and undergoes 
an a-substitution reaction. 
4. The other component (the electrophilic acceptor) undergoes nucleophilic addition. 
5. Forsimple aldehydes, the equilibrium favors the products, but for other aldehydes 
and ketones, the equilibrium favors the reactants. 
6. Carbonyl condensation reactions require only a catalytic amount of base (Section 
23.2). 
a. Alpha-substitution reactions, on the other hand, use one equivalent of base. 
B. Dehydration of aldol products (Section 23.3). 
1. Aldol products are easily dehydrated to yield o,f-unsaturated aldehydes and 
ketones. 
a. Dehydration is catalyzed by both acid and base. 
b. Reaction conditions for dehydration are only slightly more severe than for 
condensation. 
c. Often, dehydration products are isolated directly from condensation reactions. 
2. Conjugated enones are more stable than nonconjugated enones. 
3. Removal of the water byproduct drives the aldol equilibrium towards product 
formation. 
C. Aldol products (Sections 23.4—23.5). 
1. Using aldol reactions in synthesis (Section 23.4). 
a. Obvious aldol products are: 
1. af-Unsaturated aldehydes/ketones. 
ii. -Hydroxy aldehydes/ketones. 
b. Often, it's possible to work backwards from a compound that doesn't seem to 
resemble an aldol product and recognize aldol components. 
2. Mixed aldol reactions (23.5). 
a. Iftwo similar aldehydes/ketones react under aldol conditions, 4 products may 
be formed — two self-condensation products and two mixed products. 
b. Asingle product can be formed from two different components : 
i. If one carbonyl component has no a-hydrogens. 
ii. If one carbonyl compound is much more acidic than the other. 
D. Intramolecular aldol condensations (Section 23.6). 
1. Treatment of certain dicarbonyl compounds with base can lead to cyclic products. 
2. A mixture of cyclic products may result, but the more strain-free ring usually 
predominates. 
II. The Claisen condensation (Sections 23.7—23.9). 
A. Features of the Claisen condensation (Section 23.7). 
1. Treatment of an ester with 1 equivalent of base yields a f-keto ester. 
2. The reaction is reversible and has a mechanism similar to that of the aldol reaction. 
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чө 


A major difference from the aldol condensation is the expulsion of an alkoxide ion 
from the tetrahedral intermediate of the initial Claisen adduct. 
4. Because the product is often acidic, one equivalent of base is needed; addition of 
this amount of base drives the reaction to completion. 
5. Addition of acid yields the final product. 
B Mixed Claisen condensations (Section 23.8). 
1. Mixed Claisen condensations of two different esters can succeed if one component 
has no a hydrogens. 
2. Mixed Claisen condensations between a ketone and an ester with no a hydrogens 
are also successful. 
C. Intramolecular Claisen condensations: the Dieckmann cyclization (Section 23.9). 
1. The Dieckmann cyclization is used to form cyclic f-keto esters. 
a. 1,6-Diesters form 5-membered rings. 
b. 1,7-Diesters form 6-membered rings. 
2. The mechanism is similar to the Claisen condensation mechanism. 
3. The product f-keto esters can be further alkylated. 
a. This is a good route to 2-substituted cyclopentanones and cyclohexanones. 
III. Other carbonyl condensation reactions (Sections 23.10-23.13). 
A. The Michael reaction (Section 23.10). 
1. The Michael reaction is the conjugate addition of an enolate to an o,f-unsaturated 
carbonyl compound. 
a. The highest-yielding reactions occur between stable enolates and unhindered 
a,f-unsaturated carbonyl compounds. 
2. Stable enolates are Michael donors, and o;ff-unsaturated compounds are Michael 
acceptors. 
B. The Stork reaction (Section 23.11). 
1. A ketone that has been converted to an enamine can act as a Michael donor in a 
reaction known as the Stork reaction. 
2. The sequence of reactions in the Stork reaction: 
a. Enamine formation from a ketone. 
b. Michael-type addition to an o,f-unsaturated carbonyl compound. 
c. Enamine hydrolysis back to a ketone. 
3. This sequence is equivalent to the Michael addition of a ketone to an a,f-unsaturated 
carbonyl compound and yields a 1,5 diketone product.. 
C. The Robinson annulation reaction (Section 23.12). 
1. The Robinson annulation reaction combines a Michael reaction with an 
intramolecular aldol condensation to synthesize substituted ring systems. 
2. The components are a nucleophilic donor, such as a f-keto ester, and an o,f- 
unsaturated ketone acceptor. 
3. The intermediate 1,5-diketone undergoes an intramolecular aldol condensation to 
yield a cyclohexenone. 
D. Biological carbonyl condensation reactions (Section 23.13). 
1. Many biomolecules are synthesized by carbonyl condensation reactions. 
2. The enzyme aldolase catalyzes the addition of a ketone enolate to an aldehyde. 
a. This mixed aldol reaction is successful because of the selectivity of enzyme 
catalysis. 
3. Acetyl CoA is the major building block for the synthesis of biomolecules. 
a. Acetyl CoA can act as an electrophilic acceptor by being attacked at its carbonyl 
group. 
b. Acetyl CoA can act as a nucleophilic donor by loss of its acidic a hydrogen. 
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Solutions to Problems 


23.1 (1) Ғогт the enolate of one molecule of the carbonyl compound. 


ПАТ q 
шш HEH * 10H === '":CHCH + НО 


ae) CHCH 


(2) Have the enolate attack the electrophilic carbonyl of the second molecule. 


Со: Q ior 
Д Д 


CH3CH»CH,CH + 7 :СНСН 


|| 
<= Снаснгонс —CHCH 
2 CH2CH3 H CH2CH3 


(3) Protonate the alkoxide oxygen. 
/ “н--он 
Ea i 
CH; CH;CH4G —CHCH -— CH; CH; CH,G —CHCH + “OH 


H CH5CHs H  CH5CHs 


Practice writing out these steps for the other aldol condensations. 


(a) See above. 


(b) 3 
Ї HO CH3 j 
"iHa. EOE: “сн 
2 -— —— ——— 
EtOH 
c 
(e) NaOH 
2 
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23.2 
H 
e ait 
ens? mE CHaCCH3 
CH3 
4-Hydroxy-4-methyl-2-pentanone 


The steps for the reverse aldol are the reverse of those described in Problem 23.1. 


(1) Deprotonate the alcohol oxygen. 


y 0H 
„Н 


тю 9: 9 


SS —CH2CCH3 mE SES C SUEDE 
СНз CHg 


(2) Eliminate the enolate anion. 


б: О О О 
<? [ [ o> 
A Ne чс ———— CH3CCH3 + : CH2CCH3 


U 


CH3 
(3) Reprotonate the enolate anion. 


O О 
Д Д 
нон “гондон, ===”. HO o ОНЬСОН 
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23.3 Asin Problem 23.1, align the two carbonyl compounds so that the location of the new 
bond is apparent. After drawing the addition product, form the conjugated enone product 
by dehydration. In parts (b) and (c), a mixture of E,Z isomers may be formed. 


a Е " О 
(a) NaOH, OH О һеаї 
2 ЮЕ RE WILL == + НО 
EtOH 
b 
(b) О О нс OH О 
N и || 


(с) 

О О OH 

[| [| NaOH, | [| 

(CHg)J)CHCH2CH + CHCH == (CHg)CHCH,C — CHCH 

онна): POR н — CH(CHg 

| heat 

TI 
МОЧЕ он + H20 


CH(CH3)2 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


23.4 


23.5 
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Including double bond isomers, 4 products can be formed. The major product is formed 
by reaction of the enolate formed by abstraction of a proton at position “а” because position 
"b" has more steric hindrance. 


Г СНз 
H3C 
Q HO < HO N 
О А, О 
а р NaOH, 

— 

.— 
EtOH 

CH3 L CH3 СНз | 
f heat | heat 
CH3 H3 
O O HC О О CH3 
P + 
+ НО + H20 
CH3 CH3 СНз CH3 
V v 2 V Y 2 
major (less hindered) minor (more hindered) 
onmi 
ЗРИВИ — CH 2-Hydroxy-2-methylpentanal 
CH3 


This is not an aldol product. The hydroxyl group in an aldol product must бе 3, not a, to 
the carbonyl group. 


(b) нс О 


Спенс —C— CCH5CHs 5-Ethyl-4-methyl-4-hepten-3-one 
CH5CH3 


This product results from the aldol self-condensation of 3-pentanone, followed by 
dehydration. 
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23.6 
T T 
1. NaOH, EtOH 1. NaBH, 
————— — === 
2 CH3CH 5 CHgCH —CHCH = T CH4CH — CHCH;0H 
|Ha Parc 
1-Butanol = CH3CH2CH2CH50H 
23.7 
O 
7 // 
H—C H—C 
F <I NaOH н OH\, 
H „О B a > DW N 
сс H EtOH C ME 
DON H H 
H H [rea 
O 
Cyclopropylacetaldehyde EN 
H C 
\ 2 
c—c^ 
V | \ 
Н + H20 
23.8 


(a) 


CH CHCH CCH, CH= CHÈCH 
NaOH, 
+ О ёз. heat. 
||. а + но 
CH34CCH3 EtOH 


4-Phenyl-3-buten-2-one 
This mixed aldol will succeed because one of the components, benzaldehyde, is a good 
acceptor of nucleophiles, yet has no o-hydrogen atoms. Although it is possible for acetone 
to undergo self-condensation, the mixed aldol reaction is much more favorable. 


b 
” g t @ 
1. NaOH, EtOH 
2. heat » 
+ 
? y 
II O C=CHC 
CH3CCHs I 
+ (CH3)oC —CHCCH3 + 
+ H0 


Four products result from the aldol condensation of acetone and acetophenone. The two 
upper compounds are mixed aldol products, and the bottom two are self-condensation 
products. 
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© © О НС. «СНО 
CHCH5CHs 
1. NaOH, EtOH 
2. heat 1 x 
" О 
CH3CH2CHO CHgCH2CH=ÇCHO 
* CH3 


As in (b), a mixture of products is formed because both carbonyl partners contain a- 
hydrogen atoms. The upper two products result from mixed aldol condensations; the lower 
two are self-condensation products. 


23.9 
= I 
МБА CH3CCHCCH; | 
А 
о р 
CH3CCH5CCH3 8 
4 
A о 0 HoC—C^ 
NaOH Il [РР E | | 
CH3CCH,CCH, | «== Ссн 
B H3C 


2,4—Pentanedione is in equilibrium with two enolate ions after treatment with base. Enolate 
A is stable and unreactive, while enolate B can undergo internal aldol condensation to form 
a cyclobutenone product. But, because the aldol reaction is reversible and the 
cyclobutenone product is highly strained, there is little of this product present when 
equilibrium is reached. At equilibrium, only the stable, diketone enolate ion A is present. 


23.10 This intramolecular aldol condensation gives a product with a seven-membered ring fused 
to a five-membered ring. 


O O O 


= Маон, 
< 
EtOH 
ys us 


i 


О EtOH О 
OH 
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23.11 As in the aldol condensation, writing the two Claisen components in the correct orientation 
makes it easier to predict the product. 


(a) B | 
Д I 1. Na* СОЕї [| | 
(СНз) СНСНСОЕї + Сн2СОЕ! 2 H,0> 7 (CHs)4CHCH,C — СНСОЕ! 
CH(CH3)o + EtOH CH(CH3)2 
(b) 
. Na* 1. Nat ОЕ 
cy Ё он;СОЕ! _ mor == сњ SONOR 
+ EtOH 2 
(с) 


Е 


9 9 0 0 

{ 1.Ма Ош. 1 
CHSCOEt * CH COE! 2. 7 1 Na он, CH,C— —бнсок 
AU * EtOH " 


23.12 
:О: "E. 
E [ Gm х i 
C C C C 
o М OEt w М OEt 
A ч — OH 
addition of 
hydroxide elimination 
of acetate 
О О 
| | 
bp N 
O OH 
+ 4 acid-base 2d m c 
Hac "og:  eRetion НС “ОЕ 


Hydroxide ion can react at two different sites of the B-keto ester. Abstraction of the acidic 
a-proton is more favorable but is reversible and does not lead to product. Addition of 
hydroxide ion to the carbon of the carbonyl group, followed by irreversible elimination of 
ethyl acetate anion, accounts for the observed product. 
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23.13 As shown in Worked Example 23.4, dimethyl oxalate is a very effective reagent in mixed 
Claisen reactions. 


CH3 CH3 
CH3 tos, CH3 
1. Na aol + CH3OH 
2. H30 
О О О 
\ 
+ — 
| H4CO ‘o 
HC О 3 
3 SO Pd “сн; 
О 
23.14 
t o 
a 1. Na ОЕ 
\ > Үс” 
ОЕ! + EtOH 
H3C 
Diethyl 4-methylheptanedioate 
23.15 
О + EtOH 
COsEt 
H3C~ 3 6 б \ 
4 5 OEt 
Na* ^OEt 
O EtOH + EtOH 
NN EtO5C 
~OEt (co: © 
7 — 
i E HaC 
OEt 3 


C2-C7 bond formation 
Unlike diethyl 4-methylheptanedioate, shown in the previous problem, diethyl 3- 
methylheptanedioate is unsymmetrical. Two different enolates can form, and each can 
cyclize to a different product. 
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23.16 A Michael reaction takes place when a stable enolate ion (Michael donor) adds to the 
double bond of an o,f-unsaturated carbonyl compound (Michael acceptor). The enolate 
adds to the double bond of the conjugated system. Predicting Michael products is easier 
when the donor and acceptor are positioned so that the product can be visualized. 


Michael Donor 
(a) 
P 
H 
CHaC, 
СН» 


/ 
CH30, 


23.17 
Michael Donor 
@ д 


1/ 
EtOC 
\ 


COSEt 
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Michael Acceptor 
O 
HoC=CHC=N 
H 
\ 7 
C=CHC 
/ \ 
НЗС OEt 
Michael Acceptor 
|| 
НС —CHCCH3 
НС =CHCCH3 


Product 


// 
єн 
;CHCH2CH2C =N 
E 
О 


О 
Л 
CH3C О 
\ ^ 
НОЕ 
Par. CH3 O Et 


Product 


/ 
EtOC " 
CHCH2CH2CCH3 
EtOC 
NY 
O 


Ө i 
CHCH»CCH 


COSEt 
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23.18 Find the carbonyl group of the Michael acceptor, and count three carbons away from the 
carbonyl group. The Michael donor forms the new bond to this carbon. Break this bond to 
identify the Michael donor and Michael acceptor. 


1 OW ott 1 
Hag. Cee „Су UNT _ al Na* ^OEt ЖЕ 627 Ка МО» 
Q1 0 340 O + 1 3 
Á ROAR 2087 2 d 
HH HH ;HCHg 
new bond formed Michael acceptor Michael donor 


23.19 An enamine is formed from a ketone when it is necessary to synthesize a 1,5-diketone or a 
1,5-dicarbonyl compound containing an aldehyde or ketone. The ketone starting material is 
converted to an enamine in order to increase the reactivity of the ketone and to direct the 
regiochemistry of addition. The process, as described in Section 23.11, is: (1) conversion 
of a ketone to its enamine; (2) Michael addition to an o,f-unsaturated carbonyl compound; 
(3) hydrolysis of the substituted enamine to the diketone product. 


Enamine Michael Acceptor Product (after hydrolysis) 
(a) | | O 
* HəC=CHCOEt CH5CH,COEt 
e (y i bd 
" H5C =CHCH CH2CH5CH 
(c) O СНз " 
E ) CH4CH =CHCCH, CHCH»CCH 
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23.20 Analyze the product for the Michael acceptor and the ketone. In (a), the Michael acceptor is 
propenenitrile. The ketone is cyclopentanone, which is treated with pyrrolidine to form the 


enamine. 


н = — CHsCHCN | = н 
+ + 
O L О 
CH2CH5CN 
+ H20 


Q 
wo a R Cx il LA 
№ 6 »C=CHCOCH3| М «4 Hao* M 
> ——————— E ——— 
prev CH2CHCOCHs H 
О + 
i 


CH2CH2COCH3 


23.21 The Robinson annulation is a combination of two reactions covered in this chapter. First, a 
Michael reaction takes place between a nucleophilic donor (the diketone in this problem) 
and an a,f-unsaturated carbonyl compound (the enone shown). The resulting product can 
cyclize in an aldol reaction. The base catalyzes both reactions. 


О O сн 
Мс ou. О Na* TOEI, SN UD 
H _ M EtOH 
+ "HoescHooHg ——— x. 

So N О 
Michael Michael О CH3 
donor acceptor d 

Ма” OEt 
EtOH 
О, сн О, сн 
СЫ Ne ops 
heat 
H20 + ч — — 
О О 
OH 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


Carbonyl Condensation Reactions 629 


23.22 
О 
CH3CH2CCH — CH» Ha 
Na* ОЕ! 
Michal =, on 
acceptor О CH3 
Michael Cha 
donor 
O 
H3C 
heat 
H2O + <== 
CH3 CH3 
О О 
CH3 OH CH3 
CH3 2 CH3 


This is one of the more complicated-looking syntheses that we have seen. First, analyze 
the product for the two Michael components. The carbon—carbon double bond arises from 
dehydration of the aldol addition product, and is located where one of the two C=O groups 
of the original diketone used to be. The Michael addition takes place at the carbon between 
these ketone groups. The Michael acceptor is an enone that can also enter into the aldol 
condensation and furnishes the methyl group attached to the double bond. 


Visualizing Chemistry 


23.23 
(a) 
О 
с OM 2 CHCH ОСН CH 
9v 12 2-3 
~ вон" 
3-Pentanone 


| NaOH, 
-— ———— 


NY 
-———- 2  CCH;CH(CHg5 
е) EtOH d 


H 
3-Methylbutanal 
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23.24 The enolate of methyl phenylacetate adds to a second molecule of methyl phenylacetate to 
form the Claisen intermediate that is pictured. Elimination of methoxide (circled) and 


acidification give the product shown. 


„OCH; Ма* o& | | 
C EtOH 
2 | — > 
О 
Methyl phenylacetate 

О HgO* 

| -«—— —— 

C 

C 
сно“ ^o - - 
23.25 
го | О 


le 


O 
NaOH, 
O a 
EtOH 
L OH ә + H20 
H 


4-Oxoheptanal 


23.26 Remember that the new carbon-carbon double bond in the product connects one of the 
carbonyl carbons of the Michael donor with an a carbon of the Michael acceptor. 


2 C=N Na* СОЕ, CN 
= ike EtOH 
—————— 
C Z 
О o^ “н O gi B 


Michael Michael | Nat ~OEt, 


acceptor donor 
CN CN 
heat 
HO + -—————— Т 
O 9 OH 
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Additional Problems 
Aldol Reactions 


23.27 (a) (CH3)3CCHO has no a hydrogens and does not undergo aldol self-condensation. 


T О Г OH | 


NaOH NS 
A , SN VA N 
[|] — о | f] O+ но 
(c) | 
Benzophenone doesn't undergo 
|| aldol self condensation because it 
С has no a hydrogens 
(d) NaOH, p HO HC О 
О вон | “| 
2 НДЕН. >= CH34CH5C = CH— CCH2CH3 
CH2CH3 CH2CHs 
i heat 
Hae O 
наон === (== CCH2CH3 + H20 
CH2CH3 
(e) О NaOH, г OH О " 
|| ЕЇОН | || 


н  (CH5)7CH; | 


{ heat 
T 
ana н + НО 
(CH2)7CH3 


(f)C6HsCH=CHCHO does not undergo aldol reactions because its о proton isn't acidic. 
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23.28 As always, analyze the product for the carbon-carbon double bond that is formed by 
dehydration of the initial aldol adduct. Break the bond, and add a carbonyl oxygen to the 
appropriate carbon to identify the carbonyl reactant(s). 


_ Й T i 
C T C 1. NaOH, C 
SO Hie EtOH © `ç a 
2. Sia 
+ H20 
O 
1. NaOH, 
EtOH 
+ 
2. set 
(c) 
CHsCHO 1. NaOH, 
. EtOH > + H20 
2. heat 
CH4CHO 
CHO 
(d) 9 О 
CeH C CeH 
6 эмр 72276 5 1 NaOH, Si eu 
+ EtOH 65 65 
% 4 2. heat + 2 НО 
ae CgHs CgHs 
CgHs CeHs 
23.29 
-он ч EtOH heat 
CHO —- CHO ——> CHO — CHO 
C—H CoH 
o? (о: HO н + НО 
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O 
NaOH, 
EtOH 
LE 
O L 
О | o 


О L (О: 
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1. EtOH 
SP 
2. heat 


1. EtOH 
———————љ» 
2. heat 


+ НО 


* H20 


23.31 Product A, which has two singlet methyl groups and no vinylic protons in its ІН NMR, is 


the major product of the intramolecular cyclization of 2,5-heptanedione. 


23.32 
O 
C addition 
"OH of -OH 
1. EtOH 
ч ———— 
2. heat 
A ay protonation, 
dehydration 
+ НО L 


N 


proton 
transfer 


aldol 
O conden- 
sation 


ring 


opening 


-OH 


H2O ation 


deproton- 


ed k 


O 


Но 
protonation 


Because all steps in the aldol reaction are reversible, the more stable product is formed at 


equilibrium. 
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23.33 
O 
H3C H 
H3C CH3 
A 
-OH + CH 
H3C 
O 
нас MS 
НзС OH 
CH3 
D 


NaOH, 
EtOH 


a 
— — — 


formation 
of enolate 


H20 


— 


protonation 


H3C 


s 


addition of enolate 
to carbonyl group 


An aldol condensation involves a series of reversible equilibrium steps. In general, 
formation of product is favored by the dehydration of the -hydroxy ketone to form a 
conjugated enone. Here, dehydration to form conjugated product can't occur. In addition, 
the B == C equilibrium favors B because of steric hindrance. 


23.34 The reactive nucleophile in the acid-catalyzed aldol condensation is the enol of one of the 
reactants. The electrophile is a reactant with a protonated carbonyl group. 


Step 1: Enol formation. 


нон, 
qd 
Ha. 36 


m PE зт ТЕ 


C R 


AN 


-— — 


u^ 


VA 


/ N 


М. 


R 


:OH id 
| + H30 
"ee 


R 


Step 2: Addition of the enol nucleophile to the protonated carbonyl compound. 


R 


ШЧ H30* 


+ on an 
‘OH :ОН * OH 
II e ic ^ i 
H LO SU E I up es абы, 
PES | 2 
electrophile nucleophile 
Step 3: Loss of proton from the carbonyl oxygen. 
Gu à 
но R “0+ : OH? HO R 
\ / | \/ 
i d “СУ IEEE ens ow 
Lour. YX А JN a 
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23.35 
CHO 1. NaOH, x. CHO 
+ CH,CHO:. -ESH 2 ik 
2. heat £ 
Cinnamaldehyde 


Although self-condensation of acetaldehyde can take place, the mixed aldol product 
predominates. 


23.36 The first step of an aldol condensation is enolate formation. The ketone shown here does 
not enolize because double bonds at the bridgehead of small bicyclic ring systems are too 
strained to form. Since the bicyclic ketone does not enolize, it doesn't undergo aldol 
condensation. 


Claisen Condensations 


23.37 

> q AN { 

ОНЗСОї! 1. NaOEt, CH3C—CH?COEt + СНСНС —СнСОЕ! 
А EtOH 

Q 2.Hj0* о о о 0^7 КОН 

CH3CHCOEt + CHgCHyC—CHCOEt + СНС —СНСОЕІ 

CH CH 
\ - 3 2 V vV 3 m 


self-condensation products mixed condensation products 


Approximately equal amounts of each product will form if the two esters are of similar 


reactivity. 
(b) 
Il 1. NaOEt Q^ О О 
CeH5COEt EtOH | r | i 
К CgH5CH5C —CHCOEt + СНЕС —CHCOEt + EtOH 
j| 2.HsO* | | 
CgHgCH;COEt zd Cells 


self-condensation product mixed condensation product 


The mixed condensation product predominates. 


©) о О О О 
үке МЕЕН COE 
НОН, + EtOH 
2. H0* 


This is the only Claisen monocondensation product (aldol self-condensation of 
cyclohexanone also occurs to a small extent). 
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(d zs 
Д 
1. NaOEt, О 
CgH5CH EtOH | I 
p — —À- CHC—CHCOEt +  CgH&CH =СН,СОЕІ + EtOH 
9 2. H0* 
CH3COEt self-condensation product mixed condensation product 


The mixed Claisen product is the major product. 


23.38 If cyclopentanone and base are mixed first, aldol self-condensation of cyclopentanone can 
occur before ethyl formate is added. If both carbonyl components are mixed together 
before adding base, the more favorable mixed Claisen condensation occurs with less 
competition from the aldol self-condensation reaction. 


23.39 
:О: О К | 
S Îl S^ T = d Îl 
CHC —C(CHa)2COEt == | CHa —C(CHs)2COEt | —> C(CH3);COEt +  CH,COEt 
Л ОЕ! addition L ОЕ | elimination of 
v of ethoxide ethyl dimethyl- 


Й | acetate anion 


C(CH3)pCOEt + EtOH = (CH3);CHCOEt + ОЕ! 


This is a reverse Claisen reaction. 


23.40 Two different reactions are possible when ethyl acetoacetate reacts with ethoxide anion. In 
one reaction, attack of ethoxide ion on the carbonyl carbon is followed by elimination of 
the anion of ethyl acetate—a reverse Claisen reaction similar to the one illustrated in 23.39. 
More likely, however, is the acid—base reaction of ethoxide ion and a doubly activated o- 
hydrogen of ethyl acetoacetate. 


O 
II 2 = Il 
СВУ EOE + IQEt == CH3C—CHCOEt + HOEt 


He A 


The resonance-stabilized acetoacetate anion is no longer reactive toward nucleophiles, and 
no further reaction occurs at room temperature. Elevated temperatures are required to make 
the cleavage reaction proceed. This complication doesn't occur with ethyl 
dimethylacetoacetate because it has no acidic hydrogens between its two carbonyl groups. 
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Michael and Enamine Reactions 


23.41 Michael reactions occur between stabilized enolate anions and a,é-unsaturated carbonyl 
compounds. Learn to locate these components in possible Michael products. Usually, it is 
easier to recognize the enolate nucleophile; in (a), the nucleophile is the ethyl acetoacetate 
anion.The rest of the compound is the Michael acceptor. Draw a double bond in 
conjugation with the electron-withdrawing group in this part of the molecule. 


Michael Michael 
donor CK CEN acceptor 
[ dU ae їх [ 
у | «Daun — CH5CH5CC$Hs5 / НС —CHCOCgHs 
IN ye 
CO; X — COgED--. Le 
О 1. NaOEt, О О 
|| || EtOH || || 
ОРОН + НС —CHCOgHs Ap онон = CH2CH2CC6H5 
2. Н.о 
СОЕ! 6 СОЕ 


Michael donor Michael acceptor 


(b) When the Michael product has been decarboxylated after the addition reaction, it is 
more difficult to recognize the original enolate anion. 


О 1. NaOEt, О О 

|| EtOH || || 
ere + H5C =CHCCH3 et Chabal Hobo ets 

2. H30 
СОЕ f COvEt 
Michael donor Michael acceptor 
О О 
|| || H30* || || 
аа асас heat CH3CCH2CH2CH2CCH3 + СО» + EtOH 
СО»Е! 
© о 1. NaOEt, O 
_ EtOH | = 
EIOCCH» + нс=снс=м сү» ЕЮСОНСН;СНУС =N 
ае; 
COSEt COSEt 
Michael donor Michael acceptor 
d 
«) О 1. МаОЕ!, NO» О 
|| EtOH | || 
CHgCHNOo + H,C—CHCOEt [=  CH;CHCH;CH;COEt 
DUIS 


Michael donor Michael acceptor 
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e 
(e) 1. NaOEt, 
= EtOH 
2. 
СОЕ! Г СОРЕ! 
Michael donor Michael acceptor 
(f) О 1. МОЕ, © CHNO» 
CH3NO5 + . EtOH. 
2. H30* 
Michael Michael acceptor 
donor 
23.42 
Е "NE 
H3C 
1. Na* СОЕ, НзС | Na* ^OEt, EtOH 
_EtOH © 2. H2C=CHCOCH3 _ 
2. CHal — 3. Ho” O о 
L CH3 J 
1. Nat “OE, 
EtOH 
2. heat 
О 
H3 


O 


This sequence of reactions consists of an alkylation of a 1,3-diketone, followed by a 
Robinson annulation. The carbon-carbon double bond appears where the second carbonyl 
group of the diketone used to be and is the site of the ring-forming aldol reaction. A 
Michael reaction between the diketone and the Michael acceptor 3-buten-2-one adds the 
carbon atoms used to form the second ring, and an alkylation with CH3I adds the methyl 


group. 
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23.43 


CH4CHCCHg сн,сн,бон, 


с = (О-О = dz 


зно, 


0 ps 0 | 
CH2CH2CCHo M 


-OH 


= O 


S 4. 


+ но 


Step 1: Michael addition of enamine. Step 2: Tautomerization. 
Step 3: Enamine hydrolysis. Step 4: Abstraction of proton by hydroxide. 
Step 5: Internal aldol condensation. Step 6: Dehydration. 
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23.44 


A 
(a) 9 
снсн;сон = ӨН» CH3CH»CCHCH> 
E 7 
+ 
a 


3. 
HO | 
II 
CH3CH5CCH2CH5 
h NaOH, 
ipat EtOH + 
E — 

О Ж "i О 


Он i „Н 
CH3 СНз ( |, 
+ H20 


Step 1: Enamine formation. Step 2: Michael addition of enamine. 
Step 3: Enamine hydrolysis. Step 4: Internal aldol condensation. 
Step 5: Dehydration. 


(b) 
12. 
CH осн CH 
T 3 2 СНЗССНСН; 
CH3 l. 2. 
oH 
C C C 
но“ E 
i 
CH3CCH2CH> 


NaOH 
heat С 
"oor. Ae EtOH + 
TD О 
i УН 
H2O + СНз ( na CH3 


Notice that the desired enamine is formed (see Problem 23.55). 


Step 1: Enamine formation. Step 2: Michael addition of enamine. 
Step 3: Enamine hydrolysis. Step 4: Internal aldol condensation. 
Step 5: Dehydration. 
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| Y O 
CH3CCH =CH, Wes 
CH3CCHCH> 
——- 
ЕЕ ГА" 2. " 
ce 8; O 


no'l |> 


т | 
CHa4CCHSCH 
Маң oO vi NE 
cheat EtOH 
= 
4. 8 


OH 


The enamine double bond is conjugated with the aromatic ring. 

Step 1: Enamine formation. Step 2: Michael addition of enamine. 
Step 3: Enamine hydrolysis. Step 4: Internal aldol condensation. 
Step 5: Dehydration. 


23.45 


enolate 
O formation O 


| Michael 
addition 


ROH 


Michael x a) 


+ ТОЕ N o Protonation 
Г addition О 
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Chapter 23 


General Problems 


23.46 


23.47 


(a) О О 1. NaOEt, 
[ I EtOH [ 
CH3CHSCHSCOEt + Сн;СОЕ! co CH3CH5CH5C — СНСОЕ! 
2.H 
CH;CHs * CHCH + НОЕ! 
(b) 
O 
O 1. NaOH, 
x EtOH 
о 2. heat EEO 
(c) О 
1. NaOH, 
EtOH 
О ——- + НО 
2. heat 
(d) О О 1. NaOH, 
d EtOH d 
CgH5CHoCH5CH Д; TOR ae уа ios * H20 
. Nea 
CH5CeHs CH2CgHs 


(a) Several other products are formed in addition to the one pictured. Self-condensation of 
acetaldehyde and acetone (less likely) can occur, and an additional mixed product is 
formed. 


(b) There are two problems with this reaction. (1) Michael reactions occur in low yield with 
mono-ketones. Formation of the enamine, followed by the Michael reaction, gives a higher 
yield of product. (2) Addition can occur on either side of the ketone to give a mixture of 
products. 


(c) Internal aldol condensation of 2,6-heptanedione can produce a four-membered ring or a 


six-membered ring. The six-membered ring is more likely to form because it is less 
strained. 


г HaC O7 нс OH 1 СНз 


+ HO 
îi p heat 
T as -—— — == 
L O 
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О 
1.a ie Сова 
—— —- 
2.b 2.d COsEt 


O O 


23.48 


- COto CH3 
> OS 
2:4 2.h 


(a) LiAIH,, then H3O*; (b) РОСІЗ, pyridine (c) KMnO4, H30*; (d) СНзСН›ОН, H*; 
(е) Na* "OEt (f) H30*; (g) Na* ОЕ, then CH3Br; (h) H3O^, heat 


23.49 


1. NaOH, CgH5CH CHCgHs5 


+B e =н. + 2Hj0 
2. heat 


| M O 
N 1. НоС=СНСМ CH2CH2CN 
— 
2. H30* " | | 
N 


| 
| H 


CHCH — CH5 
1. LDA 
2. 2. BrCH>CH=CH, СН» 


О О 
|| 1. Nat OEt, EtOH l 
C. » 
EtO d ~COsEt 2. H30* ^" COvEt 
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23.50 This sequence is a reverse aldol reaction. 


K ^ i Base 
H 
C n О с :6: 01) 
HaC : НС :0:) * 
OC me а pubs OC o 
2 2 
Мо ЗӨ “всод Мо "c^ NSCoA 
/\ /\ /\ / 
H HH H H HH H 
n 
Q 1O: 
| ЖЕЛ E 
*— 2 Р; 
HaC^ ``5СоА Ё NCH) нс un 
H H H—A 
Acetyl CoA Acetoacetate Vr 


Step 1: Deprotonation by base. 
Step 2: Elimination of acetyl CoA enolate. 
Step 3: Protonation of enolate. 


23.51 In contrast to the previous problem, this sequence is a reverse Claisen reaction. The first 
step (not illustrated) is the reaction of HSCoA with a base to form SCoA. 


:0:) О a :9:) 


| | 1. 


С С —- C/N 
нс “с “сод нс] "c^ scoa 
2 CoAS 
н Chg H Chg 
CoAS J 
2-Methyl-3-keto- 2. A 
butyryl CoA H—A 
O О : О ы 
Hg «—— + Hs 
Xe NSCoA Hac ^ “Сод x d “sco 
H H | 
Propionyl CoA Acetyl CoA 
(propanoyl CoA) 


Step 1: Addition of SCoA to form a tetrahedral intermediate. 
Step 2: Elimination of propionyl CoA anion. 
Step 3: Protonation. 
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23.52 Formation of (S)-citryl CoA: 


A—H 
i E HQ ‚сого, 
„е2 “оол 5 T ТРЕ “O20 oe 
HY N : Base Ed о Es (S)-Citryl CoA 
| ТД ^ sco 


Step 1: Formation of acetyl CoA enolate. 
Step 2: Aldol-like nucleophilic addition of acetyl CoA to the carbonyl group of 
oxaloacetate and protonation. 


Loss of CoA to form citrate: 


HO сото: HO со 02) 
2. \ \ 
SCoA l. SCoA 
HO " 
:O—H 7 |2. 7 
/ d " 
H : Base но: CO» О 
TOC + HSCoA 
. on 
Citrate 


Step 1: Nucleophilic addition of hydroxyl to the carbonyl group of (S)-citryl CoA. 
Step 2: Loss of SCoA and protonation of the leaving group. 


(a) : x) А 
:О: s 
O à © | £M 4 
H ll Nat ~OEt, | porq 
\ EtOH Н... H H HC €? PARN 
Han Sio ee LU INO CH, 2—6 [c^ SCH 
| 8g — — — —— | I — — —— 
COSEt 1. COSEt 2 COSEt 
3. 
T 
HoC С 
СТО 
OH + | 
СОЕ! 


Step 1: Formation of enolate. 
Step 2: Aldol condensation. 
Step 3: Loss of hydroxide. 
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(b) o - о 
ЕОС. _ C EtO4C ll EtO2C C 
и М 27« C Neve VS 
H-E CH3 = ^ “сн, u-€ СН» 
C +) == of xs 
|| ! | 
Michel H.C С proton Н2С C 
НС C aen VAT TX 
: ^ CH. addition S `є* “сн; transfer Fix. СНз 
| 
СОЕ! СОЕ! ЕСМ 
The protonated form of ће above structure is ће product. 
23.54 
(c) О о 2 
| I | 
EtOoC - EtOoC 
SE „С-сен, SEE „С, 2-3 uer 
нт A н 2  1.H90 H | | 
| © | О: 2. heat HC C 
HoC ст 2 
НС С 1. AM S A Nu UNS H 
bi a 7 CHs /\ CH3 pee 
вю,“ H EtOpC H EtOC H 
(d) А 
II II 
Nast + NOU AYN 
H30", heat MS 
P il ыыы, Jii | CH + EtOH 
3. 
НС. CN HoC. LCL + СО» 
СНз CH3 
7 \ 7 \ 
ЕОС H ЕОС H 
Hagemann's ester 


Step 1: Internal aldol condensation. 


Step 2: Dehydration 
Step 3: Ester cleavage and decarboxylation of a f--keto ester. 


23.55 
LE 
" 


Crowding between the methyl group and the pyrrolidine ring disfavors this enamine. 


" NES CH3 
~ 
ee MEN. ies wA S 
—— 
flip Мон, 


СНз 


The crowding in this enamine can be relieved by a ring-flip, which puts ће methyl group 
in an axial position. This enamine is the only one formed. 
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23.56 
FY 


FY 
P uo 
О: HO СО» но HSCoA НО CO2 v~ :B 
\ / ү / . 
"s N A C.Y^ i 
; 2x 
C СО» 


-:CH; SCoA 


О + 
№ Aa- _ NADHH Е 
н c8: H CO, СО; 
‘CP ‚со | "C. соу C 
C 
“с^ 2 5 “с^ 2 EL Schor 
I diia | 
о ү" O—H 7 j 
H20: 


Box 
|6. :В 
bs x i dio c 
A мн 
Lo : 7. NH3* 


t COs Leucine 


Step 1: Addition of SCoA. Step 2: Hydrolysis 

Step 3: Elimination Step 4: Conjugate addition. 

Step 5: Oxidation. Step 6: Decarboxylation of a f--keto ester. 
Step 7: Nucleophilic acyl substitution, loss of water, reduction. 
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23.57 Formation of the enolate of diethyl malonate is the first step: 


i93 | ri | 
e M Sm H 
ce ao =, CH(CO5Et)o 
=? CH(CO5Et)o 1. L | 
EtOH, |2 
heat 
H 
| [| + | 
H30 С 
ЗЕ - 0H WERL C(COvEt)o 
| 3. 
H + H20 


+ 2 EtOH + СО» 
Cinnamic acid 


Step 1: Nucleophilic addition of the enolate to the carbonyl group. 


Step 2: Protonation, dehydration 
Step 3: Ester cleavage and decarboxylation of a 8-Кеїо ester. 


23.58 


CICHSCOSEt + Nat СО! ==  CICHCOSEt + EtOH 


gor 015 :О: 


\ 
CHCO>Et 
I — MA CHCO>Et 
та. (О =A н 
СЇСНСОРЕ! + СІ 
nucleophilic Sn2 displacement 
addition 
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23.59 This mechanism divides into two sequences of steps. In the first part of the mechanism, an 
acetal is hydrolyzed to acetone and a dihydroxycarbox ylic acid. 


Pac. БЫЗ HaC СНз .. НС СНз 
ee oe Mya Ho — M 
29^:0^ `O: но ДУО: | 
H207" : =” 10.) О: = OH ;iO: 
БНЗ: ШОГОН СНз ring CH3 
ation opening 
CH2EO2N L CH2CO2H CH2CO | 
addition of water 
i loss of H* 
-< JCH Ttt CH CH 
HO? : H207 HO 3 HO 3 E 
о Ma HA CH3 m оњ 
OH HO : à 
E <— OH O с OH :O 
T 3 proton- уы "e 
ation 
CH5CO2H CH»CO>H CH5CO5H 
loss of tetrahedral 
i alcohol intermediate 
фо: 
CH3 + +0=C == o=c + 
os. 
CH5CO;H CH, | loss of CH3 
proton 
Acetone 


In the second set of steps, the dihydroxycarboxylic acid forms a cyclic ester (a lactone). 


+ 
Sl Hou, PIT HO: :ОН 
HO: “сн, HO: ^ “сн, > HOF “снг 
CH, ~“ CH3 с СНз 
proton- addition 
OH ation | oH of OH OH | 
i proton 
/ ОН transfer 
i О : m : fy H е "a "TES x 
Tl) * Hgo* w С 
О CH3 О CH3 O CH3 
э —- 
СНз loss of СНз loss of уы: 
lactone OH proton L OH water OH | 
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23.60 This problem becomes easier if you draw the starting material so that it resembles the 
product. 


Michael 
|| addition 


^ H2O intramolecular 
A aldol reaction 


HO 


23.61 


О 25 co: :QCHs 


|| 
СООНА-. | — — —— COCH 
Jn 2. 2-8 
p x s Ze сосн, 
с=ссо»„©н» C 


3. 


Step 1: Conjugate addition of H3C'. Step 2: Claisen condensation. 
Step 3: Loss of methoxide. 
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23.62 
CO>Et - COPEt 


СОЕ! + 


Step 1: Enolate formation. 

Step 2: Intramolecular aldol condensation. 
Step 3: Retro-aldol condensation. 

Step 4: Protonation. 


23.63 


OH :О: H—OEt 


+ OEt 


O O 


Step 1: Deprotonation and retro aldol reaction. 
Step 2: Equilibration between two enolates. 
Step 3: Internal aldol condensation. 

Step 4: Protonation. 
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23.64 
(a) H—A 
DINEM : TE 
ч ӨН үн С 
С -—— C -—— CH mL C. 
нұс” ^H 1, |с? ^н 2. нс“ NH 3. НС A 
H N(CH3)2 : N(CH3)o 
HN(CH3)o | 4. 
L : J 
H20 + CH4CH = N(CH3)o 
iminium ion 
(b) ч 
me Я : Ваѕе s 
(OH tO 4 О: 
| СХ 
———- ——— 
" -—— —— -—— —— 
CH —N(CH3)o CH —N(CHg)2 CH — N(CH3)z 
LN 5. | 6. | 
CH3 L CH3 J CH3 
Step 1: Protonation. Step 2: Addition of amine 
Step 3: Proton transfer. Step 4: Elimination of water. 
Step 5: Aldol-like addition of enol to iminium ion. 
Step 6: Loss of proton. 
23.65 The Mannich reaction occurs between the diester, butanedial, and methylamine. 
+ CO5CHs CO2CH3 
HəNCH3 C=O ——- H H 
+ 
à CO5CHa Нзсо2с Ñ OCOPh 
L Cocaine 
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+ 
N 
à E 


| 25 О 


23.66 


CO>Et 


COSEt 


Step 1: 5342 displacement of Вг by enamine. 
Step 2: Tautomerization of ketoester. 
Step 3: Attack of enol on iminium ion. 
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Chapter 24 – Amines and Heterocycles 


Chapter Outline 


I. Facts about amines (Section 24.1—24.5). 
A. Naming amines (Section 24.1). 
1. Amines are classified as primary (RNH2), secondary (R2NH), tertiary (R3N) or 
quaternary ammonium salts (R4N*). 
2. Primary amines are named in several ways: 
a. For simple amines, the suffix -amine is added to the name of the alkyl 
substituent. 
b. The suffix -amine can replace the final -e of the parent compound. 
c. For more complicated amines, the -NH» group is an amino substituent on the 
parent molecule. 
3. Secondary and tertiary amines: 
a. Symmetrical amines are named by using the prefixes di- and tri- before the 
name of the alkyl group. 
b. Unsymmetrical amines are named as N-substituted primary amines. 
1. The largest group is the parent. 
4. The simplest arylamine is aniline. 
5. Heterocyclic amines (nitrogen is part of a ring) have specific parent names. 
a. The nitrogens receive the lowest possible numbers. 
B. Structure and properties of amines (Section 24.2). 
1. The three amine bonds and the lone pair occupy the corners of a tetrahedron. 
2. An amine with three different substituents is chiral. 
a. The two amine enantiomers interconvert by pyramidal inversion. 
b. This process is rapid at room temperature. 
3. Amines with fewer than 5 carbons are water-soluble and form hydrogen bonds. 
4. Amines have higher boiling points than alkanes of similar molecular weight. 
5. Amines smell nasty! 
C. Basicity of amines (Sections 24.3—24.5). 
. The lone pair of electrons makes amines both nucleophilic and basic (Section 24.3). 
The basicity constant Къ is the measure of the equilibrium of an amine with water. 
a. The larger the value of Ky (smaller pKy), the stronger the base. 
3. More often, K, is used to describe amine basicity. 
a. Kais the dissociation constant of the conjugate acid of an amine. 
b. pKa+ pKp = 14 (for aqueous media). 
c. The smaller the value of K, (larger pKa), the stronger the base. 
4. Base strength. 
a. Primary, secondary, and tertiary alkylamines have similar basicities. 
b. Arylamines and heterocyclic amines are less basic than alkylamines. 
1. The зр electrons of the pyridine lone pair are less available for bonding. 
ii. The pyrrole lone pair electrons are part of the aromatic ring x system. 
Amides are nonbasic. 
Amine basicity can be used as a means of separating amines from a mixture. 
1. An amine can be converted to its salt, extracted from an organic solution 
with water, neutralized, and re-extracted with an organic solvent. 
e. Some amines are very weak acids. 
i. LDA is formed from diisopropylamine and acts as a strong base. 


Neg 


с.о 
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5. Basicity of substituted arylamines (Section 24.4). 
a. Arylamines are less basic than alkylamines for two reasons: 
i. Arylamine lone-pair electrons are delocalized over the aromatic ring and are 
less available for bonding. 
ii. Arylamines lose resonance stabilization when they are protonated. 
b. Electron-donating substituents increase arylamine basicity. 
6. Biological amines and the Henderson-Hasselbalch equation (Section 24.5). 
a. The Henderson-Hasselbalch equation (Section 20.3) can be used to calculate 
the percent of protonated vs. unprotonated amines. 
b. At physiological pH (7.3), most amines exist in the protonated form. 
II. Synthesis of amines (Section 24.6). 
A. Reduction of amides, nitriles and nitro groups. 
1. Sy2 displacement with CN, followed by reduction, turns a primary alkyl halide 
into an amine with one more carbon atom. 
2. Amide reduction converts an amide or nitrile into an amine with the same number of 
carbons. 
3. Arylamines can be prepared by reducing aromatic nitro compounds. 
a. Catalytic hydrogenation can be used if no other interfering groups are present. 
b. SnCl, can also be used. 
В. Sy2 reactions of alkyl halides. 
1. Itis possible to alkylate ammonia or an amine with RX. 
a. Unfortunately, it is difficult to avoid overalkylation. 
2. An alternative is displacement of X by azide, followed by reduction. 
3. Also, reaction of an alkyl halide with phthalimide anion, followed by hydrolysis, 
gives a primary amine (Gabriel amine synthesis). 
C. Reductive amination of aldehydes and ketones. 
1. Treatment of an aldehyde or ketone with ammonia or an amine in the presence of a 
reducing agent yields an amine. 
a. The reaction proceeds through an imine, which is reduced. 
b. NaBH; or NaBH(OAc)3 are the reducing agents most commonly used. 
c. Tertiary amines do not undergo reductive amination. 
D. Rearrangements. 
1. Hofmann rearrangement. 
a. When a primary amide is treated with Br? and base, СО» is eliminated, and an 
amine with one less carbon is produced. 
b. The mechanism is lengthy and proceeds through an isocyanate intermediate. 
c. Inthe rearrangement step, ће -R group migrates at the same time as the Вг ion 
leaves. 
2. The Curtius rearrangement starts with an acyl azide and occurs by a mechanism 
very similar to that of the Hofmann rearrangement. 
III. Reactions of amines (Sections 24.7—24.9). 
A. Alkylation and acylation (Section 24.7). 
1. Alkylation of primary and secondary amines occurs but is hard to control. 
2. Primary and secondary amines can also be acylated. 
B. Hofmann elimination. 
1. Alkylamines can be converted to alkenes by the Hofmann elimination reaction. 
a. The amine is treated with an excess of methyl iodide to form a quaternary 
ammonium salt. 
b. Treatment of the quaternary salt with Ag5O, followed by heat, gives the alkene. 
The elimination is an E2 reaction. 
The less substituted double bond is formed because of the bulk of the leaving 
group. 
4. The reaction was formerly used for structure determination and is rarely used today. 


чө гә 
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C. Reactions of arylamines (Section 24.8). 
1. Electrophilic aromatic substitution. 


a. 


b. 
c. 


d. 


Electrophilic aromatic substitutions are usually carried out on N-acetylated 
amines, rather than on unprotected amines. 

i. Amino groups are o,p-activators, and polysubstitution sometimes occurs. 
ii. Friedel-Crafts reactions don't take place with unprotected amines. 
Aromatic amines are acetylated by treatment with acetic anhydride. 

The N-acetylated amines are o,p-directing activators, but are less reactive than 
unprotected amines. 

Synthesis of sulfa drugs was achieved by electrophilic aromatic substitution 
reactions on N-protected aromatic amines. 


2. The Sandmeyer reaction. 


a. 


b. 


When a primary arylamine is treated with HNO) (nitrous acid), an 

arenediazonium salt is formed. 

The diazonio group of arenediazonium salts can be replaced by many types of 

nucleophiles in radical substitution reactions. 

i. Aryl halides are formed by treatment with CuCl, CuBr or Nal. 

ii. Aryl nitriles are formed by treatment with CuCN. 

iii. Phenols are formed by treatment with СиО and Cu(NO3)o. 

iv. H3PO» (hypophosphorous acid) converts a diazonium salt to an arene, and 
is used when a substituent must be introduced and then removed. 

v. These reactions occur through radical, rather than polar, pathways. 


3. Diazonium coupling reactions. 


a. 
b. 


c. 


Diazonium salts can react with activated aromatic rings to form colored azo 
compounds. 

The reaction is an electrophilic aromatic substitution that usually occurs at the p- 
position of the activated ring. 

The extended л system of the azo ring system makes these compounds brightly 
colored due to absorption in the visible region of the spectrum. 


IV. Heterocyclic amines (Section 24.9). 
A. Pyrrole, imidazole and other 5-membered ring unsaturated heterocycles. 
1. Structures of pyrrole, furan and thiophene. 


a. 
b. 
С 


All are aromatic because they have six л electrons in a cyclic conjugated system. 
Pyrrole is nonbasic because all 5 nitrogen electrons are used in bonding. 

The carbon atoms in pyrrole are electron-rich and are reactive toward 
electrophiles. 


2. Electrophilic substitution reactions. 


a. 
b: 


C. 


All three compounds undergo electrophilic aromatic substitution reactions 
readily. 

Halogenation, nitration, sulfonation and Friedel-Crafts alkylation can take place 
if reaction conditions are modified. 

Reaction occurs at the 2-position because the reaction intermediate from attack at 
that position is more stable. 


3. Imidazole and thiazole. 


a. 


A nitrogen in each of these compounds is basic. 


B. Pyridine and pyrimidine. 
1. Structure of pyridine. 


a. 
b. 
e. 


Pyridine is the nitrogen-containing analog of benzene. 
The nitrogen lone pair isn't part of the z electron system . 
Pyridine is a stronger base than pyrrole but a weaker base than alkylamines. 
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Electrophilic substitution of pyridine. 
a. Electrophilic substitutions take place with great difficulty. 
i. The pyridine ring is electron-poor due to the electron-withdrawing inductive 
effect of nitrogen. 
п. Acid-base complexation between nitrogen and an electrophile puts a positive 
charge on the ring. 
Pyrimidine has two nitrogens in the 1 and 3 positions of a six-membered ring. 
a. Pyrimidine is less basic than pyridine. 


C. Polycyclic heterocycles. 


1. 


2. 
3x 


The reactivity of polycyclic heterocyclic compounds is related to the type of 
heteroatom and to the size of the ring. 

Indole has a pyrrole-like nitrogen and undergoes electrophilic aromatic substitutions 
in the heterocyclic ring. 

Purines have 4 nitrogens (3 pyridine-like, and one pyrrole-like) in a fused-ring 
structure. 


IV. Spectroscopy of amines (Section 24.10). 
A. IR spectroscopy. 
1. Primary and secondary amines absorb in the region 3300—3500 em! 


a. Primary amines show a pair of bands at 3350 cm -! and 3450 стг!. 
b. Secondary amines show a single band at 3350 стг 
c. These absorptions are sharper and less intense than alcohol absorptions, which 


also occur in this range. 


B. NMR spectroscopy. 


I 


2. 


IH NMR. 
a. Amine protons are hard to identify because they appear as broad signals. 
b. Exchange with D5O causes the amine signal to disappear and allows 
identification. 
c. Hydrogens on the carbon next to nitrogen are somewhat deshielded. 
PC NMR. 
a. Carbons next to nitrogen are slightly deshielded. 


C. Mass spectrometry. 


Ё 


2. 


The nitrogen rule: A compound with an odd number of nitrogens has an odd- 
numbered molecular weight (and molecular ion). 

Alkylamines undergo o-cleavage and show peaks that correspond to both possible 
modes of cleavage. 
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24.1 


24.2 
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Chapter 24 


Solutions to Problems 


Facts to remember about naming amines: 


(1) Primary amines are named by adding the suffix -amine to the name of the alkyl 


substituent. 


(2) The prefix di- or tri- is added to the names of symmetrical secondary and tertiary 


amines. 


(3) Unsymmetrical secondary and tertiary amines are named as N-substituted primary 


amines. The parent amine has the largest alkyl group. 


(4) Heterocyclic amines have unique parent names; the heteroatoms have the lowest 


possible numbers. 


(a) 
CH3NHCH,CH3 


N-Methylethylamine 


[won 


N-Methylpyrrolidine 


(d) 


(a) 
[(CH3)2CHI3N 


Triisopropylamine 


| 
C» NCH2CH3 


N-Ethyl-N-methyl- 
cyclopentylamine 


(b) 


3 


Tricyclohexylamine 
(e) 
[(CH3)2CH]2NH 
Diisopropylamine 
(b) 
(НС = CHCH5)3N 
Triallylamine 


(e) 


(c) CH2CH3 
CH3 
N-Ethyl-N-methyl- 
cyclohexylamine 


(f) CHs 
H2NCH2CH2CHNH3 


1,3-Butanediamine 
(c) 


N-Methylaniline 


(f) 


—-— 
NHCH(CH3)o N— CHCH 
c 


N-Isopropylcyclohexylamine N-Ethylpyrrole 


Amines and Heterocycles 


24.3 Тһе numbering of heterocyclic rings is described in Section 24.1. 


(a 


5-Methoxyindole 


5-Aminopyrimidine 


| CH30 a C 
3 3 
T 
М, 
Н 


1,3-Dimethylpyrrole 


(c) 


N 
(CH3)oN / № 


4-(N,N-Dimethylamino)- 
pyridine 


24.4 Amines are less basic than hydroxide but more basic than amides. The pK, values of the 


conjugate acids of the amines in (c) are shown. The larger the pK;, the stronger the base. 


More Basic 
(à) CH3CHaNHo 
(b) NaOH 


(c) CH3NHCH3 
pK, = 10.73 


24.5 


CH2NHs* 


pK, = 9.33 
stronger acid (smaller pKa) 


CH3NH»2 


pK, = 14-9.33 = 4.67 
weaker base 


Less Basic 
CH3CH»CONH> 
CH3NH> 


pyridine 
pKa = 5.25 


CH3CH2CH2NH3" 


pK, = 10.71 
weaker acid (larger pKa) 


CH4CH5CH3SNHo 


pKy = 14—10.71 = 3.29 
stronger base 


The stronger base (propylamine) holds a proton more tightly than the weaker base 
(benzylamine). Thus, the propylammonium ion is less acidic (larger pKa) than the 


benzylammonium ion (smaller pKa). 


To calculate pKy: Ky Ky = 1014, pK, + pKp = 14 and pK» = 14 — pKa. 
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24.6 The basicity order of substituted arylamines is the same as their reactivity order in 
electrophilic aromatic substitution reactions because, in both cases, electron-withdrawing 
substituents make the site of reaction more electron-poor and destabilize a positive charge. 


Least Basic А, Most Basic 


(a) О 
\\ 
он os « RA € « Е? 
H 
(b) 
II 
CHC NH, < Cl NH» < HC МН 
(c) 
re pw < ЕЕ? < ТЕЕ 
24.7 Use the expressions shown in Section 24.5. 
[RNH;] 
= pH-pK4 = 7.3-1.3 = 6.0 
[RN] | р рКа 
[RNH;] n 
= antilog (6.0) = 10°: [RNH5] 2106 [RNH; ] 
[RNH; ] | 2 2 3 


At pH = 7.3, virtually 100% of the pyrimidine molecules are in the neutral form. 


24.8 Amide reduction can be used to synthesize most amines, but nitrile reduction can be used 
to synthesize only primary amines. Thus, the compounds in (b) and (d) can be synthesized 
only by amide reduction. 


Amine Nitrile Precursor Amide Precursor 

(a) О 
CH3CH5CH5SNH5 CH4CH5C ZN CH; CH, CNH, 

(b) 
(CH3CH5CH5)9NH CH; CH, NHCHSCH;CHs 

(c) О 
ЕТ C 2m C 29€ 

(d) О 
o> NHCH»CH3 Е 


The compounds in parts (b) and (d) can't be prepared by reduction of a nitrile. 
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24.9 


:О: /:0: OH 
bI = 
OH 
NR == QNR => 
1 @ 2. 
О | О 
à _ 
|| 
Cx 

aa O- 

NHR + =—— 
we 6 + 
| “NHR 
о : 


Step 1: Addition of hydroxide. 
Step 2: Ring opening. 

Step 3: Proton transfer. 

Step 4: Addition of hydroxide. 
Step 5: Elimination of amine. 
Step 6: Proton transfer. 


24.10 The upper reaction is the azide synthesis, and the lower reaction is the Gabriel synthesis. 


CH35CH5Br CH2CH2N3 


CH2CH2NH3 
1. LIAIH 

NaNg - : = 4 

HO HO тё HO Dopamine 
OH OH OH 
potassium E 
phthalimide O OH, H20 
N— СН»СН» OH 
О OH 
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24.11 Look at the target molecule to find the groups bonded to nitrogen. One group comes from 
the aldehyde/ketone precursor, and the other group comes from the amine precursor. In 
most cases, two combinations of amine and aldehyde/ketone are possible. 


Amine Amine Precursor Carbonyl Precursor 
(a) CH3 е 
CH4CHSNHCHCHs CH4CH5NH5 CH3CCH3 
CHa or 
HəNCHCH3 CH4CHO 
(b) 
(c) 
or 
HaNCHs O 
24.12 
qe 1 
N, * 2C CH МСН» СНз 
He" Wo uos ^ NaBH, HaC^ 


24.13 In both of these reactions, the product amine is formed from a carboxylic acid derivative 
precursor that has one more carbon than the amine. In the Hofmann rearrangement, the 
precursor is an amide, which is treated with Bry, NaOH and H30. In the Curtius 
rearrangement, the precursor is an acid chloride, which is treated with NaNs, then with 


H20 and heat. 
(a) 
SOS. M3 
(CHg)3CCH»CH»CO2H (CH3)3CCHCH2COCI ——2= (CHa)9C CH? CH2CONH» 
NaN Bro, NaOH 
НгО 
(Сн) зССнгСН:СОмз —=——> (CHg)3CCHCH>NHp 
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(b) 
SE “з DELE Sue НС ts 
Bro, NaOH 
NaN 2 
| i La 


24.14 The Hofmann elimination yields alkenes and amines from larger amines. The major alkene 
product has the less substituted double bond, but all possible products may be formed. The 
hydrogens that can be eliminated are starred. When possible, cis and trans double bond 
isomers are both formed. 


Amine Alkene Products Amine products 
(a) чн 
CH3CH»CH,CHCHsCHsCH,CH, ^ CH3CHsCH=CHCH»CH»CH»CH3 (CH3)4N 
or 
CH3CH5CH5CH-CHCH5CH5CH5 (CH3)N 


Both hydrogens that might be eliminated are secondary, and both possible products should 
form in approximately equal amounts. 


(b) - NH> (CHg)3N 
C 
(c) мн» 

CH34CH5CH5CHCH5CH5CH3 CH3CH»CH=CHCHsCHsCH3 (CHg)3N 


In each of the above reactions, only one product can form. 


(d) NHCH»CH, HəC=CH, (major) + N(CH3)o 


(minor) + (CH3)9NCH2CHg 


The first pair of products in (d) results from elimination of a primary hydrogen and are the 
major products. The second pair of products results from elimination of a secondary 
hydrogen. 
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+ +/ 
NN N— A A920 N— -o heat. N— б 
(excess) "HO. 
* Agl 


The product, which contains both the double bond and the tertiary amine in an ring-opened 
structure, can undergo a second Hoffmann elimination. 


24.15 


HaÇ H3C H3C 
sd CHa aS A920 Dp Сна heat eu 
is 
(excess) 
2 + Agl + НО 


24.16 This reaction sequence is similar to the sequence used to synthesize sulfanilamide. Key 
steps are: (1) treatment of aniline with acetic anhydride to modulate reactivity, (2) reaction 
of acetanilide with chlorosulfonic acid, (3) treatment of the chlorosulfonate with the 
heterocyclic base, and (4) removal of the acetyl group. 


HNO Hp, Pt 
—————- —— 
H5SO4 SON EtOH Von 


1 | (CH3CO)0 


(e О 
[| HOSO,Cl ] 
CH3CNH 80001 —— —*—_—CH3CNH 


+ CH3CO>H 


О 
Д S~ NaOH 
CH3CNH SO;-NH—4 | xor MA SO,- TS 
NT d 


Sulfathiazole 
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24.17 In all of these reactions, benzene is nitrated and the nitro group is ultimately reduced, but 
the timing of the reduction step is important in arriving at the correct product. In (a), 
nitrobenzene is immediately reduced and alkylated. In (c), chlorination occurs before 
reduction so that chlorine can be introduced in the m-position. In (b) and (d), nitrobenzene 
is reduced and then acetylated in order to overcome amine basicity and to control reactivity. 
In both cases, the acetyl group is removed in the last step. 


Either method of nitro group reduction (SnCl2, Нә) can be used in all parts of this 
problem; both methods are shown. 


(a) NO NH N(CHa)p 


2 2 
——— > ———— 
H5SO, EtOH 


Mono- and trialkylated anilines are also formed. 


NHCOCH3 NHCOCH3 
Cl Маон 
——- "HO 
FeClg 
(problem 24.16) 


(c) 
HNO3 Clo 1. SnClo, H9O* 
———- re 
H5SO4 2 NaOH, H20 


(D NHCOCH, NHCOCHs МН, 


СНз СНз 
2 СНЗСІ NaOH 
—- ——- 
AlCls H20 
(problem 24.16) 


CH3 


NH» 


СІ 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


666 Chapter 24 


24.18 
(a) CH3 СНз СНз 
CHaCI HNO3 1. SnClo, Нз0+ 
— ———- — ———=——> 
AlCl H5S04 2. NaOH, H20 
NO» МН, 
HNO, | 
H2504 
COH CH3 CH3 
KMnO, CuBr 
-— —— — —— чч ——— 
H20 
Br Br * NoHSO4 


p-Bromobenzoic acid 


The route shown above is one of several ways to synthesize p- bromobenzoic acid and is 
definitely not the simplest way. (The simplest route is Friedel-Crafts alkylation ^ 
bromination — oxidation). The illustrated synthesis shows the use of the diazonium 
replacement reaction that substitutes bromine for a nitro group. Oxidation of the methyl 
group yields the substituted benzoic acid. 


(b) NO» NO» Мн» 
HNO3 Bro 1. SnClo, H30* 
H5S04 FeBra 2. NaOH, H20 
Br Br 
HNO» 
H5SO, 
COH CN + NoHSO4- 
H30* CuCN 
E — ————— n 
Br Br Br 


m-Bromobenzoic acid 


Again, this isn't the easiest route to this compound. In this case, nitration is followed by 
bromination, then by diazotization, treatment with CuCN, and hydrolysis of the nitrile. 
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NoHSO4- 
from T osse iue 
CH3 
8, CuCN = _Hg0* 
*NoHSO4- COH 
from (a) p-Methylbenzoic acid 
(©) NHCOCH3 aes + NoHSO4- Br 
Br Br 
2 2B "NaOH Panos _ СиВг 
— ol 
`н5О4_ 
(Problem 24.16) 
Вг Вг 
1,2,4-Tribromobenzene 
24.19 
№? HSO4- 
_HNOg _ 1.SnCl» НО” .HNO2.. 
95502 2. 2. NaOH, HO H20 [T 


Е В: Ny = 


m `. XEM, + 
N=N: + N(CH3)o — (y N=N N(CH3)o 
Ct iid a U 


Problem 24.17(a) E 


ЕЕ - Умон 


p-(N,N-Dimethylamino)azobenzene 


Coupling takes place between N,N-dimethylaniline and a benzenediazonium salt to yield 
the desired product. 
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24.20 


" М < » Thiazole 


Thiazole contains six z electrons. Each carbon contributes one electron, nitrogen 


contributes one electron, and sulfur contributes two electrons to the ring z system. Both 
sulfur and nitrogen have lone electron pairs in sp* orbitals that lie in the plane of the ring. 


24.21 
[RNH;] 
lo = pH- pK, = 7.37—6.00 = 1.37 
*IRNHS] Р 
[RNH;] 


= antilog (1.37) = 23.4: [RNH;] 223.4 [RNH,; |] 
[RNH; ] | 2 2 3 


[RNH;5'] + 23.4[RNH3"] = 244[RNH, ] = 100% 


[RNH;"] = 100% + 244 = 4.1% 
[RNH»] = 100% — 4.1 = 95.9% 


4.1% of histidine molecules have the imidazole nitrogen 
in the protonated form at physiological pH. 


24.22 
Attack at C2: - 
Z E* A n ч “ D 
M ` E xx E + E 
N N N N 
. = А Pan H on H on H 
Pyridine L unfavorable - 
Attack at C3: Г Е Е "E 
e E* 2 H A H H 
| ——- EO <=> 
X x XJ. 4 2 2 
М М М М 
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Attack at C4: | E H E H E H i 
oO E + + + 
IM. Il + Zz 
N LO N N - 
unfavorable 


Reaction at C3 is favored over reaction at C2 or C4. The positive charge of the cationic 
intermediate of reaction at C3 is delocalized over three carbon atoms, rather than over two 
carbons and the electronegative pyridine nitrogen as occurs in reaction at C2 or C4.. 


24.23 
CH2CHoN(CH3)o 
N N,N-Dimethyltryptamine 
N 
\ 
H 
The side chain nitrogen atom of N,N-dimethyltryptamine is more basic than the ring 


nitrogen atom because its lone electron pair is more available for donation to a Lewis acid. 
The aromatic nitrogen electron lone pair is part of the ring л electron system. 


24.24 
Attack at C2: _ 
+ 
NS Ee 
\ \ 
H H _ 
mee 
t 
N 
\ 
L H 4 
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Attack at C3: 
E MET Eu 
+ 

SE Po eee cS 

N N N N* 

\ \ \ \ 
H H H н C 
zx E H PI 

p 

N+ 

\ 
L H J 


Positive charge can be stabilized by the nitrogen lone-pair electrons in reaction at both C2 
and C3. In reaction at C2, however, stabilization by nitrogen destroys the aromaticity of 
the fused benzene ring. Reaction at C3 is therefore favored, even though the cationic 
intermediate has fewer resonance forms, because the aromaticity of the six-membered-ring 
is preserved. 


24.25 
Мн» 
CHJ4CCCH. — 3 (сн seca 
( ae З NaBH3CN ( А 3 


The IR spectrum (pair of bands at around 3300 стг!) shows that B is a primary amine, 
and the 'H NMR spectrum shows a 9-proton singlet, a one-proton quartet, and a 3-proton 
doublet. An absorption due to the amine protons is not visible. 


Visualizing Chemistry 


24.26 
(a) (b) (c) 
Hae, H H СНз /СН(СНз)2 
C CH3 N 
j | H2N H 
H 
N-Methylisopropylamine trans-(2-Methyl- N-Isopropylaniline 
cyclopentyl)amine 


secondary amine primary amine secondary amine 
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24.27 
ridine — C—N ~— alkylamine 
sarees —N 4 (more basic) 


C CH 
(less basic) \_ 7 Ў : 


e —O 
НОМ ~— amide 
(not basic) 


24.28 


Г 1. excess CHal С 
` el 
H CH3 2. AgoO, H20, heat 


(15,2S)-(1,2-Diphenylpropyl)amine (Z)-1,2-Diphenyl-1-propene 


Hofmann elimination is an E2 elimination, in which the two groups to be eliminated must 
be 180° apart. The product that results from this elimination geometry is the Z isomer. 


24.29 


N= 
NH, «<— most basic 


т... 


The indicated nitrogen is most basic because it is more electron-rich. The electrons of the 
other nitrogens are part of the fused-ring л system and are less available for donation to a 
Lewis acid. 
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Additional Problems 


Naming Amines 


24.30 
(a) м (c) 
JT Ly ese, [menos 
Br Br 
2,4-Dibromoaniline (2-Cyclopentylethyl)amine N-Ethylcyclopentylamine 
d 
(d) оњ Q @ 
\ 
CH3 
N,N-Dimethylcyclopentylamine N-Propylpyrrolidine 4-Aminobutanenitrile 
24.31 
(a) (b) (c) 
Е ON ( Умео 
N,N-Dimethylaniline (Cyclohexylmethyl)amine N-Methylcyclohexylamine 


(e) 


(4) CH3 
(H3C)2NCH2CH2CO2H 
NH» 


(2-Methylcyclohexyl)amine 3-(N, N-dimethylaminopropanoic acid 


24.32 
(a) (c) Q 
Ce a ial ме 
secondary amine N SN = tertiary amine 
(0) NHCHg ee 
\ 

\\, secondary amine № ~<— secondary amine 
a E 
М Lysergic acid diethylamide 
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Amine Basicity 


24.33 The pyrrole anion, C4H4N: , is a 6 zelectron species that has the same electronic structure 
as the cyclopentadienyl anion. Both of these anions possess the aromatic stability of бл 
electron systems. 


24.34 
b a 
N NH2 
A 
cN 
/ Histamine 
H 


The "a" nitrogen is most basic because its electron pair is most available to Lewis acids. 
The "c" nitrogen is the least basic because the lone-pair electrons of the pyrrole nitrogen are 
part of the ring л electron system. 


24.35 


The inductive effect of the electron-withdrawing nitro group makes the amine nitrogens of 
both m-nitroaniline and p-nitroaniline less electron-rich and less basic than aniline. 


on LE] + + + + 
<=> <=> <= Q <=> => 
eo 
—-. „М =з „— 
МО; NO» NO» 573 <b, Е NO» 


When the nitro group is para to the amino group, conjugation of the amino group with the 
nitro group can also occur. p-Nitroaniline is thus even less basic than m-nitroaniline. 
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Synthesis of Amines 


24.36 
(a) 
РВгз Мам 
1. ШАНА 
2. H2O 
CH5CHa3CH3CH5NH5 
Butylamine 
b 
( ) CrO3 SOCI» 
CH2CH2CH2CH20OH но? CH5CH5CH5CO5H т == CH5CH5CH5COCI 
Р CH>CH»CH>CH»NH> 
from (a) 
NaOH 
1. ШАНА 
CHSCH2CHSCHoNHCHSCHSCHoCHs 5a 4- CHgCHaCHpCNHCHCH,CH2CH, 
Dibutylamine ds 
Cc 
©) CrO3, H30* 
CH5CH5CH5CH5OH == г CH5CH5CH5CO5H 
Bro, NaOH H | 80012 


2 NH3 
CHsCHsCHsCONHs 5 
CHSCH,CHoNH,/ M20 CH4CH5CH5COCI 


. NaN 
Propylamine ^ —. — oH. 6H;CHSCONS ж—7 


H5O, heat 
(d) 
PBrg NaCN 
CHaCHaCHsCH20H —— CH2CH2CH2CH2Br — CH2CH2CH2CH2CN 
1. LiAIH4 
2. Но 
CHaoCH5CH5CH5CH5NH5 
Pentylamine 
js CH5CH5CH5OH pence CH5CH5CH53CHO NaBH CH5CH5CH5CH5N(CH 
gCHoCH5CH» CHCl, 2CH2CH2 (CH) NH 2CH2CH2CH2N(CH3)2 
N,N-Dimethylbutylamine 
(f) excess * 1. AgoO, H20 m 
CH5CHoSCHoNHo CH CHaCH2SCH3N(CH3)I 2 heat - ^ CH3CH — CH» 


from (c) Propene + (CHg)3N 
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24.37 
(a) 
SOCI» 
CH3CH5CH5CH5CO5H Hiec CH34CH5CH5CH5COCI 2 NS CHICH;CH;CH;CONH, 
Pentanamide 
(b) 
Bro, NaOH 
CH3CH5CH5CH5CONH5 — CH3CH5CH5CH5NHo 
from (a) 2 Butylamine 
(c) 1. ЦАНА 
CH3CH2CH>CHəCONH> —— CH3CH5CH5CH5CH3NHo 
from (a) 2 Pentylamine 
(d) Br 
1. Bro, РВгз | 
CH3CH5CH5CH52CO5H 2 HO CH3CH5CH5CHCO5H 
S 2-Bromopentanoic acid 
(e) 1. BH 
CH3CHCHSCH4CO;H zuo CH3CH4CHSCHSCH50H 
vu 
| РВгз 
а 
СНзСН»СН»СН»СН»СМ = CH4CH5CH5CH5CH2Br 
Hexanenitrile 
(0 ў 
. LIAIH4 
CH3CH2CH2CH2CH2CN 2 HO CH3CHoCH5CH5CHoCH5NHo 
from (e) m Hexylamine 
24.38 
) 
Ho 
A Si SnClo, 1.5101, H30% 
'HoSO4 2. 2. NaOH, но” H20 


) CONH% МН» 
Bro, NaOH 
ж» 
H20 


COCI 


COH 


CONH, МН, 


КОА) 5ОСЬ 2 hum Bro, NaOH. - NaOH 
-——>» 
90. њо 
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24.39 First, synthesize aniline from benzene, as shown in Problem 24.38 (a). 


№+ HSO4- CH3NHo 
HNO2 CuCN. 2. ШАНА 
"Н5804 CUR al 
24.40 
(a) - 
. LIAIH4 
CH3CH5CH5CH5CONH5 > HO CH3CH5CH5CH5CH5NH5 
e 
(b) . 
1. LiAIH, 
CHgCHpCH,CH CN z- g == CHsCH?CH?CH;CHoNH» 
д 
Cc 
(c) 1. ВНЗ, THF 


РВг 
CH3CH»CH»CH,OH ——À» CH34CH5CHSCH?Br 
| NaCN 


CH4CH5CH = CHo 2. НО», OH 


1. LiAIH 
CH3CH5CH5CH5CH3NHo WEE CH4CH5CH5CH5CN 
емо 


(d) Bro, NaOH 
CH3CH5CH5CH5CH5CONH5 ^ HO CH3CH5CH5CH5CH5NH5 
2 


(e) 
РВгз NaCN 
1. ЦАН, 
2. HO 
CH34CH5CH5CH5CH5NH5 
(0 1. 0 
CH3CHpCHpCHaCH = СНСН,СНСНСНз E VU e 2 CHgCHsCH»CH»CHO 
3 
NH3 
CH4CH5CH5CH59CHO NaBH, _ CH3CH3CH5CH53CH5NHo 
аргу 
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(g) 
SOCI» 
CH4CHSCHSCHSCOSH = ——S CH3CH»CH»CH»COCI 


| 2 NH3 


1. LiAIH 
CH3CH»CH»CH»CH»NH> E OY CH3CH»CHsCH»CONH> 
m^ 


24.41 
OH O он мнн» 


CH —CCH3 CH — CHCH3 
NaBH, 


HoNCH ; 
+ 2NOH3 “CHOH Ephedrine 


Reactions of Amines 
24.42 


+ 


H2504 AlCl3 


Р 
NH» 


H3C 
Жш 
lid d d 1 mol 


m-Toluidine 


НЗС МН, N(CH3)gI- 
CHgl 
—————— 
excess 
on "CY 


NHCOCH, 
CH,COCI 


—_—_—_—— 


pyridine 
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(d) 


H4C NHCOCH3 H4C 


HOSO;CI 


—_—_ > 


NHCOCH, 


о 


d 
d 


24.44 


— 
£ 
МУ 
00 
= 


202202040 


+ 
N(CH3)sI 


z 
XE 

№ 
00 


(b) 


р 
+ 


2 
I 

№ 
00 


7999999 


NH, СГ 


~ 
[e] 
ми 


HNO% 


+ 
а № HSO% 
H5S04 


00 
2 
T 
№ 
00 


(9) 
CH4COCI 
-—=——з»>» 


00 


NHCOCH3 


CH3MgBr 


————— 


= 
z 
T 
№ 
00 


МН МоВг + CH4 


5 


CH3CH5CI 
——— 
AlCla 


00 

2 

т 
N 


(2) 
CuCl 


+ 
No HSO% — Br CI 


00 


(h) 
CHCH,Cl 
——— 


00 


NHCOCHs NHCOCH3 


Cl 


3 


CH2CH3 


In (e), the amine reacts with the Grignard reagent and inactivates it. 
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24.45 Hydrogens that can be eliminated are starred. In cases where more than one alkene can 
form, the alkene with the less substituted double bond is the major product.. 


1. excess СНЗІ 
2. AgoO, H20 
———————Ó- 


Amine Alkene j 
3. heat Е але 
(а) x 
C> NHCH3 ® + N(CH3)s 
(b) ч - 
СНз НС = CHCH;CH5CH5CH3 N(CH3)2 
HNCHCH2CH2CH2CH3 major 
i + 
CH3CH = CHCH2CH2CH3 
minor 
e (Ha CH 
CHgCHCHCH2CH2CHg CH3CHCH-—CHCH;CHS + N(CH3)a 
NH3 major 
үз 
CH3C = CHCH2CH2CH3 
minor 
24.46 
(a) NO» мн» 
HNO3 Hp, Pt 
_—_—_—_ = ————— 
H5SO4 EtOH 
CH3 CH3 CH3 
(D мн + № HSO4- CN CHoNH 
2 2 4 2 2 
HNO» CuCN 1. LiAIH, 
—— өы _——- ———— 
H5SO4 2. H2O 
CH СНз CH3 CH3 
from (a) 
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NO» 
ae HNO3 1. SnClo, H9O* 
— 
H5SO, 2. NaOH, H20 


COH COH 


I + № HSO% МН» 
E II ET M 
“HY catalyst H5SO, 


Сосн; COH COH СО» 


(а) 
= e^ nc = OX. 
——- 
excess 
Me 


А A uc "cns B = a 


24.47 


| heat 


ыш "ERI Cs 


HC он, сњ ^он, T ‘CH 
minor major minor 


CY a heat H20 
—- + SS + 
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(c) О О О 
КОН Bae CgH5CHoBr 
+ H20 * KBr 
О А o Us B О 
CgHsCH NH 
CO” c 
(9) нс —CHp 
HC сн, NaOH 3+2 њо 
| S28 vd TuS О М 
Вг NH Br 2 | * 2 NaBr 
Ж. СНз 
1 equiv 
3 
Spectroscopy 


24.48 The 'H NMR of the amine shows 5 peaks. Two are due to an ethyl group bonded to an 
electronegative element (oxygen), two are due to 4 aromatic ring hydrogens, and the peak 


at 3.40 8 is due to 2 amine hydrogens. 


NHCOCHs NH» NH» 
-OH HI 
—— ——Ó- 
Но 
OCH23CHs OCH2CHs OH 
+ CH3CO> + CH3CHol 
Phenacetin p-Ethoxyaniline p-Aminophenol 
24.49 
(a) (b) 
HOCH sCHaCHaNHo a= 1.68 8 (CH30)sCHCHaNH» a= 1.298 
e ч а с b р. 269% C dba M 278% 
c= 2.896 с= 3.398 
d = 3.726 d= 4316 
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General Problems 


О 

|| 

СЕ CHCH3 CH=CH, 
———- ——- 


TH 


O 
/ N 
CH — CH, CHCHNCHg 
d e 
———- CY e CH3 


(a) NH3, NaBH;; (b) excess CH3I; (с) Ag20, H20, heat; (d) RCO3H (е) (CH3)2NH. 
Step (e) is an Sy2 ring opening of the epoxide by nucleophilic substitution of the amine at 
the primary carbon. 


24.50 


24.51 


Oxazole is an aromatic 6 x electron heterocycle. Two oxygen electrons and one nitrogen 
electron are in p orbitals that are part of the л electron system of the ring, along with one 
electron from each carbon. An oxygen lone pair and a nitrogen lone pair are in sp^ orbitals 
that lie in the plane of the ring. Since the nitrogen lone pair is available for donation to 
acids, oxazole is more basic than pyrrole. 


24.52 
+ „Н . „Н 
:О: е o^ 

I || ч >» | 

С + С. C 
R^ “мн, R^ “Мн R^ “мн, 
N-Protonation O-Protonation 

(no resonance stabilization) (resonance stabilization) 


Protonation occurs on oxygen because an O-protonated amide is stabilized by resonance. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


Amines and Heterocycles 683 


24.53 
І 1 І 
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H ү:В 
E IH = 
H5C — CH НС m НС — СН, 
І П R' 
R—G T sare нг on => яс © 
ШИ + H20 
6} 
il / 7 ES ZUR m ССВ 
OH: NHo P u H20 N 
HH H 
|? 
B:^ * H 
= HY 
HC—CH ссн 
Il \\ [ \\ | 
нес ME s О од. 
10. 
| L \ T H20 


Steps 1,6: Protonation. 

Steps 2,7: Nucleophilic addition. 
Steps 3,8: Proton transfer. 
Steps 4,9: Loss of water. 

Steps 5,10: Loss of proton. 


The mechanism consists of the nucleophilic addition of ammonia, first to one of the 
ketones, and then to the other, with loss of two equivalents of water. 
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24.54 
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ES (А HAN HO НЗ нг02 сн» 
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/ССнз /ССНз joCHg /£CHs 
О - 0 О O 
| 
| Сн CH3 CHg CH3 C” 
N 7 N 6 NOH 5 
НС m нс, M наб, 2 + 
-QH | 
О CCH 
CN d /СОНз ? 
| HO: 3 ною ~ 3 Jj 2 auch O + но 
ls- 
| | Chg a: 7s ] CH3 
— ye C — 
/ SN H Sn / SN 
2 | nt + | \ | 
40* HU 620: "c-9 
AN | M | 
Н20- СНз H2O + CH3 J CH3 


3,5-Dimethylisoxazole 


Steps 1,6: Protonation. 

Steps 2,7: Nucleophilic addition of hydroxylamine. 
Steps 3,8: Proton transfer. 

Steps 4,9: Loss of water. 

Steps 5,10: Loss of proton. 


This mechanism is virtually identical to the mechanism illustrated in the previous problem 
and involves two nucleophilic additions to carbonyl groups, with loss of water. These 
addition-eliminations are nucleophilic acyl substitution reactions. 
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ZA 
a 
b,c d 
О NHCH3 


(a) CH »=CHCH)Cl, AIC]; (b) Hg(OAc)p, НО; NaBHa; (c) СгОз, H30* (d) CH3NH», 
NaBHA4. 


24.55 


24.56 Benzaldehyde first reacts with methylamine and NaBH; in the usual way to give the 
reductive amination product N-methylbenzylamine. This product then reacts further with 
benzaldehyde in a second reductive amination to give N-methyldibenzylamine. 


t :О: | 
Il | H 
87 = PN ы 
H | HNCH NCH 
2 —— i H t| 2 
CH3 CH3 


O 
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[ 
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у 
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CH3 СНз 

| NaBH, j 
2065 Ly N-Methyldibenzylamine 

CH3 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


686 Chapter 24 


24.57 


Step 1: Nucleophilic addition. 

Step 2: Cyclization. 

Step 3: Elimination of lysine. 

Step 4: Elimination of the other lysine. 


Step 5: Tautomerization. 
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24.58 The reaction of trimethylamine with ethylene oxide is ап Sy2 reaction that opens the 
epoxide ring. 


e 
/N 


+ *— Но + 
HaC—CHo ——> (CH3)gNCH2CH,0: —2 = (CHy)gNCH»CH,OH + TOH 
(CHg)3N: Choline 
24.59 
A OH 
Br —— MgBr но > CH3CHCH3 
СгОз, H30* 
CH3 О 
| HəNCH3 II 
CH»CHNHCH;  —— —— — CH5CCHs 
| NaBH, 
Cyclopentamine 
The last step of the synthesis is a reductive amination of a ketone that is formed by 
oxidation of the corresponding alcohol. The alcohol results from the Grignard reaction 
between cyclopentylmagnesium bromide and propylene oxide. 
24.60 


(a) 


CH34CH5CH5CHO 
CH3(CH3)3NH COGHAGHENI CH3)o 
NaBH, 
Tetracaine 
О 
ll Ho, Pt 
OoN COCH2CH2N(CH3)2 вон HoN собону 


1. SOCI» (c) Benzene 
(b) 2. HOCH?CHoN(CH3)o, CH«CI 
Pyridine | МС 
3 


KM "cm 98. 
Сон «КМп04 ON 
^H5S04 


The synthesis in (a) is achieved by a reductive amination reaction. Reactions in (b) include 
formation of an acid chloride, esterification, and reduction of the nitro group. 
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24.61 
CH CH CH 
N 273 N ТЗ М 113 
OH HoSO4 + но 
H20 
\ 
OG —ÇHCeHs eh 
Atropine O CH50H Tropine Tropidene 
+ 
HO2CCHOgHs 


CH5OH Tropic acid 


We know the location of the -OH group of tropine because it is stated that tropine is an 


optically inactive alcohol. This hydroxyl group results from basic hydrolysis of the ester 
that is composed of tropine and tropic acid. 


^er N(CH3)> 
i они 1. Pus 
\ 3. Set 0€ 3. Haus 


Tropidene Tropilidene 


24.62 


Tropilidene results from two cycles of Hofmann elimination on tropidene. 


24.63 The formula CoH,7N indicates two degrees of unsaturation in the product. Both are 
probably due to rings since the product results from catalytic reduction. 


Ho, Pt 
Ie 
CN 1. 
N 
OH | | 
H 
"m 
Ha, Pt 
4. М 
| | М 
H + H20 


Step 1: Reduction of nitrile 

Step 2: Nucleophilic addition. 
Step 3: Dehydration. 

Step 4: Reduction of double bond. 
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24.64 The molecular formula indicates that coniine has one double bond or ring, and the 
Hofmann elimination product shows that the nitrogen atom is part of a ring. 


1. excess СНЗІ 
2. AgoO, H20 
—_ A 


м 3. heat (CH3)oN ZA 
Coniine 5-(N, N-Dimethylamino)-1-octene 
24.65 
ee H COSEt 
CH2 + 6 
Е = 
СНЗОНУСНУС Сн» Aime DEE сонар ОН 
| + l 2. H30 II | 
О CHCN 1. O | CH,CN 


2 |H30*, heat 


- H H 
HE JH Ar 
С Ho, Pt Е 
P» CHSCH;CH;C T ~H D^ CH3CH2CH2C 7 CH2 
N | O сњ O сном 
HoN—C + СО» + EtOH 
sl Ho, Pt 2° {5H £ 
L PM 
Coniine 
UN 


Step 1: Michael addition. 

Step 2: Ester hydrolysis; decarboxylation. 
Step 3: Reduction. 

Step 4: Cyclization. 


Step 5: Reduction. 
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24.66 
CH3 CH3 CH3 
сас Й HNO3 HNO» 
—- — > 
"Ach | Н2504 Н2504 
NO» № HSO4- 
| СиО 
ae H20 
CH2CH2NH9 CH2CN CHoBr 
1. Qi LAI, DON 
2. RO 
OH 


R 


When you see -CHoNH,, think of the reduction of a nitrile. The nitrile comes from 
substitution of a benzylic bromide by CN. 


COH COH 
_HNO2 © pares 
"HaS04 
NH9 No HSO% NEN 


(b) 
COS. 
=O <a> X 
KL сЕ 


+ СО» + Мо 


24.67 
(а) 


The reactive intermediate is benzyne, which undergoes a Diels-Alder reaction with 
cyclopentadiene to yield the observed product. 
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f Pa if mies 
N(CH3)3 
3. pu <= 3. Sq v 


N(CH3)2 Cyclooctatriene 


Two successive cycles of Hofmann elimination lead to formation of cyclooctatriene. 


Br 
NBS KOH 
———— ——— 
EtOH 


Cyclooctatetraene 


Allylic bromination followed by elimination yield cyclooctatetraene. 


Hofmann rearrangement (the mechanism is shown in Section 24.6) of an o-hydroxy amide 
produces a carbinolamine intermediate that expels ammonia to give an aldehyde. 
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24.70 
8 
OCHs A OCHS 
Y `I NHCH А 
оч сон 
О O HH 
|з. 
_ —.. H+ 
О Co OCH3 О: OCH3 
+ 
N— CH3 == N-CH, = NH — CH3 
5 4. 
О + CH30H О О 
Step 1: Conjugate addition of amine. | 
Step 2: Proton transfer. 
Step 3: Nucleophilic addition of amine. 
Step 4: Proton transfer. 
Step 5: Elimination of methanol. 
24.71 
| Г CO5CH3 
HC CO2CH3 H 
| Z 
NH === № 


Є | 
L Sön + ЇЗЇМЇН 


Step 1: 542 ке of Br by amine. 
Step 2: Deprotonation. 

Step 3: Conjugate addition of alcohol. 
Step 4: Proton transfer. 
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XY HO HO 
zB IY x XY 
?^ HO е HO + CC 


24.72 


HO 
(S)-Norcoclaurine 


Step 1: Nucleophilic addition of the amine to the protonated aldehyde. 
Step 2: Proton transfer. 

Step 3: Loss of water. 

Step 4: Electrophilic aromatic substitution. 


Step 5: Loss of proton. 
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24.73 
(a) 


(b) |“ 
HN 


HəN— DNA 


5 


NH 
NH2 
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(c) 
р | 


Steps 1 — 3: El elimination (protonation, loss of HOCHs3, deprotonation). 
Steps 4 — 6: 542 substitution (protonation, substitution, deprotonation). 
Step 7: El elimination of carbamate. 

Steps 8 – 9: conjugate addition of DNA (addition, deprotonation). 


Notice that five of the nine steps are either protonations or deprotonations. 
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24.74 


с dore b a dore 
а= 2256 a 
b= 2.898 b 
c= 6.66 6, 7.03 8 c= 4478 
d 
e 


24.75 


+ 
NHo NHo CNHs 
| H30* | [ 


Ca -—— Cas = 


Step 1: Addition of NH3. 
Step 2: Elimination of OH. 
Step 3: Addition of CN. 
Step 4: Hydrolysis of nitrile. 


The mechanism of acid-catalyzed nitrile hydrolysis is shown in Problem 20.51. 
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Step 1: Conjugate addition of hydrazine. 


Step 2: Proton transfer. 


Amines and Heterocycles 


Step 3: Nucleophilic acyl substitution, forming the cyclic amide. 


Step 4: Proton transfer. 
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Review Unit 9: Carbonyl Compounds II 
Reaction at the a Carbon; Amines 


Major Topics Covered (with vocabulary): 


Carbonyl a-substitution reactions: 
a-substitution reaction tautomerism tautomer enolate ion Hell-Volhard-Zelinskii reaction 
p-diketone В-Кеѓо eater malonic ester synthesis acetoacetic eater synthesis LDA 


Carbonyl condensation reactions: 

carbonyl condensation reactions aldol reaction enone mixed aldol reaction 

Claisen condensation reaction Dieckmann cyclization Michael reaction Michael acceptor 
Michael donor Stork enamine reaction Robinson annulation reaction 


Amines: 

primary, secondary, tertiary amine quaternary ammonium salt arylamine heterocyclic amine 
pyramidal inversion Къ azide synthesis Gabriel amine synthesis reductive amination 
Hofmann rearrangement Curtius rearrangement Hofmann elimination reaction 
arenediazonium salt diazotization Sandmeyer reaction azo compound 

diazonium coupling reaction pyrrole thiophene furan pyridine fused-ring heterocycle 
pyrimidine purine nitrogen rule 


Types of Problems: 
After studying these chapters, you should be able to: 


— Draw keto-enol tautomers of carbonyl compounds, identify acidic hydrogens, and draw the 
resonance forms of enolates. 

— Formulate the mechanisms of acid- and base-catalyzed enolization and of other a-substitution 
reactions. 

— Predict the products of a-substitution reactions. 

— Use a-substitution reactions in synthesis. 


—  Predict the products of carbonyl condensation reactions. 
— Formulate the mechanisms of carbonyl condensation reactions. 
— Use carbonyl condensation reactions in synthesis. 


— Name and draw amines, and classify amines as primary, secondary, tertiary , quaternary, 
arylamines, or heterocyclic amines. 

— Predict the basicity of alkylamines, arylamines and heterocyclic amines. 

— Synthesize alkylamines and arylamines by several routes. 

— Predict the products of reactions involving alkylamines and arylamines. 

— Use diazonium salts in reactions involving arylamines, including diazo coupling reactions. 

— Draw orbital pictures of heterocycles and explain their acid-base properties. 

— Explain orientation and reactivity in heterocyclic reactions, and predict the products of reactions 
involving heterocycles. 

— Propose mechanisms for reactions involving alkylamines, arylamines, and heterocycles. 

— Identify amines by spectroscopic techniques. 
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Points to Remember: 


* Tt is unusual to think of a carbonyl compound as an acid, but the protons a to a carbonyl group 
can be removed by a strong base. Protons a to two carbonyl groups are even more acidic: in 
some cases, acidity approaches that of phenols. This acidity is the basis for a-substitution 
reactions of compounds having carbonyl groups. Abstraction by base of an a proton produces 
a resonance-stabilized enolate anion that can be used in alkylations involving alkyl halides and 
tosylates. 


* Alkylation of an unsymmetrical LDA-generated enolate generally occurs at the less hindered a 
carbon. 


* When you need to synthesize a В-Һуйгоху ketone or aldehyde or an a,f-unsaturated ketone or 
aldehyde, use an aldol reaction. When you need to synthesize a p-diketone or В-Кеѓо ester, use 
a Claisen reaction. When you need to synthesize a 1,5-dicarbonyl compound, use a Michael 
reaction. The Robinson annulation is used to synthesize polycyclic molecules by a combination 
of a Michael reaction with an aldol condensation. 


* Та many of the mechanisms in this group of chapters, the steps involving proton transfer are 
not explicitly shown. The proton transfers occur between the proton and the conjugate base 
with the most favorable pK of those present in the solution. These steps have been omitted at 
times to simplify the mechanisms. 


* Та the Claisen condensation, the enolate of the p-dicarbonyl compound is treated with H3O* to 
yield the neutral product. 


* For an amine, the larger the value of pK; of its ammonium ion, the stronger the base. The 
smaller the value of pK, of the amine, the stronger the base. 


* The Sandmeyer reaction allows the synthesis of substituted benzenes that can't be formed by 
electrophilic aromatic substitution reactions. These reactions succeed because М» is a very good 
leaving group. 


Self-Test: 


н CH, © 
О М О Ww 
CH4CH Y 
gun» N, 
(CH3)2CHCH2CH3 H 
O 
A B 
Pentymal Dypnone 
(a sedative) (sunscreen) 


The six-membered ring in A is formed by the cyclization of two difunctional compounds. 
What are they? What type of reaction occurs to form the ring? The two alkyl groups are introduced 
into one of the difunctional compounds prior to cyclization. What type of reaction is occurring, and 
how is it carried out? What type of reaction occurs in the formation of Dypnone (B)? Why might B 
be effective as a sunscreen? 
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МО» 
CH3 CH3 
C D МО» 
Benzphetamine Butralin 
(an appetite suppressant) (an herbicide) 


What type of amine is C? Do you expect it to be more or less basic than ammonia? Than 
aniline? What product do you expect from Hofmann elimination of C? What significant 
absorptions might be seen in the IR spectrum of C? What information can be obtained from the 
mass spectrum? Plan a synthesis of D from benzene. 


Multiple Choice: 


1. Which of the following compounds has four acidic hydrogens? 
(a) 2-Pentanone (b)3-Pentanone (c) Acetophenone (d) Phenylacetone 


2. In which of the following reactions is an enol, rather than an enolate, the reacting species? 
(a) acetoacetic acid synthesis (b) malonic ester synthesis (c) LDA alkylation (d) 
Hell—Volhard—Zelinskii reaction 


3.  Cyclobutanecarboxylic acid is probably the product of a: 


(a) malonic ester synthesis (b) acetoacetic ester synthesis (c) LDA alkylation 
(d) Hell-Volhard-Zelinskii reaction 


4.  AnLDA alkylation can be used to alkylate all of the following, except: 
(a) aldehydes (Б) ketones (c)esters (d) nitriles 


5. If you want to carry out a carbonyl condensation, and you don't want to form a-substitution 
product, you should: 
(a) lower the temperature (b) use one equivalent of base (c) use a catalytic amount of base 
(d) use a polar aprotic solvent 


6. Which reaction forms a cyclohexenone? 
(a) Dieckmann cyclization (b) Michael reaction. (c) Claisen condensation 
(d) intramolecular aldol condensation 


7. All of the following molecules are good Michael donors except: 
(a) Ethyl acetoacetate (b) Nitroethylene (c) Malonic ester 
(d) Ethyl 2-oxocyclohexanecarboxylate 


8. The ammonium ion of which of the following amines has the smallest value of pKa? 
(a) Methylamine (b) Trimethylamine (c) Aniline (d) p-Bromoaniline 


9. All of the following methods of amine synthesis are limited to primary amines, except: 
(a) Curtius rearrangement (b) reductive amination (c) Hofmann rearrangement 
(d) azide synthesis 


10. To form an azo compound, an aryldiazonium salt should react with: 
(a) CuCN (b) benzene (с) nitrobenzene (d) phenol 
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Chapter 25 — Biomolecules: Carbohydrates 


Chapter Outline 


I. Classification of carbohydrates (Section 25.1). 
A. Simple vs. complex: 
1. Simple carbohydrates (monosaccharides) can't be hydrolyzed to smaller units. 
2. Complex carbohydrates are made up of two or more simple sugars linked together. 
a. А disaccharide is composed of two monosaccharides. 
b. A polysaccharide is composed of three or more monosaccharides. 
B. Aldoses vs. ketoses: 
1. A monosaccharide with an aldehyde carbonyl group is an aldose. 
2. A monosaccharide with a ketone carbonyl group is a ketose. 
C. Tri-, tetr- , pent-, etc. indicate the number of carbons in the monosaccharide. 
II. Monosaccharides (Sections 25.2—25.7). 
A. Configurations of monosaccharides (Section 25.2—25.4). 
1. Fischer projections (Section 25.2). 
a. Each chirality center of a monosaccharide is represented by a pair of crossed 
lines. 
i. The horizontal line represents bonds coming out of the page. 
ii. The vertical line represents bonds going into the page. 
b. Allowed manipulations of Fischer projections: 
i. A Fischer projection can be rotated on the page by 180°, but not by 90? or 
270°. 
ii. Holding one group steady, the other three groups can be rotated clockwise 
or counterclockwise. 
c. Rules for assigning R,S configurations. 
i. Assign priorities to the substituents in the usual way (Section 5.5). 
ii. Perform one of the two allowed motions to place the lowest priority group 
at the top of the Fischer projection. 
iii. Determine the direction of rotation of the arrow that travels from group 1 to 
group 2 to group 3, and assign R or S configuration. 
d. Carbohydrates with more than one chirality center are shown by stacking the 
centers on top of each other. 
i. The carbonyl carbon is placed at or near the top of the Fischer projection. 
2. D,L sugars (Section 25.3). 
a. (R)-Glyceraldehyde is also known as D-glyceraldehyde. 
b. In D sugars, the -OH group farthest from the carbonyl group points to the right 
in a Fischer projection. 
i. Most naturally-occurring sugars are D sugars. 
c. InL sugars, the -OH group farthest from the carbonyl group points to the left in 
a Fischer projection. 
d. D,L designations refer only to the configuration farthest from the carbonyl 
carbon and are unrelated to the direction of rotation of plane-polarized light. 
3. Configurations of aldoses (Section 25.4). 
a. There are 4 aldotetroses — D and L erythrose and threose. 
b. There are 4 ру. pairs of aldopentoses: ribose, arabinose, xylose and lyxose. 
c. There are 8 DLL pairs of aldohexoses : allose, altrose, glucose, mannose, 
gulose, idose, galactose, and talose. 
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d. A scheme for drawing and memorizing the D-aldohexoses: 
i. Draw all -OH groups at C5 pointing to the right. 
ii. Draw the first four -OH groups at C4 pointing to the right and the second 
four pointing to the left. 
iii. Alternate -OH groups at C3: two right, two left, two right, two left. 
iv. Alternate -OH groups at C2: right, left, etc. 
v. Use the mnemonic " All altruists gladly make gum in gallon tanks" to assign 
names. 
B. Cyclic structures of monosaccharides (Section 25.5). 
1. Hemiacetal formation. 
a. Monosaccharides are in equilibrium with their internal hemiacetals. 
i. Glucose exists primarily as a six-membered pyranose ring, formed between 
the -OH group at C5 and the aldehyde group at Cl. 
п. Fructose exists primarily as a five-membered furanose ring. 
b. Structure of pyranose rings. 
i. Pyranose rings have a chair-like geometry. 
ii. The hemiacetal oxygen is at the right rear for D-sugars. 
iii. An -OH group on the right in a Fischer projection is on the bottom face in a 
pyranose ring, and an -OH group on the left is on the top face. 
iv. For D sugars, the -CH5OH group is on the top. 
2. Mutarotation. 
a. When a monosaccharide cyclizes, a new chirality center is generated. 
1. The two diastereomers are anomers. 
ii. The form with the anomeric -OH group trans to the -CH2OH group is the a 
anomer (minor anomer). 
ш. The form with the anomeric -OH group cis to the -CH2OH group is the 8 
anomer (major anomer). 
b. When a solution of either pure anomer is dissolved in water, the optical rotation 
of the solution reaches a constant value. 
1. This process is called mutarotation. 
ii. Mutarotation is due to the reversible opening and recyclizing of the 
hemiacetal ring and is catalyzed by both acid and base. 
C. Reactions of monosaccharides (Section 25.6). 
1. Ester and ether formation. 
a. Esterification occurs by treatment with an acid anhydride or acid chloride. 
b. Ethers are formed by treatment with methyl iodide and Ag 20. 
c. Ester and ether derivatives are crystalline and easy to purify. 
2. Glycoside formation. 
a. Treatment of a hemiacetal with an alcohol and an acid catalyst yields an acetal. 
1. Acetals aren't in equilibrium with an open-chain form and do exhibit 
mutarotation. 
ii. Aqueous acid reconverts the acetal to a monosaccharide. 
b. These acetals, called glycosides, occur in nature. 
c. Glycosides are named by first citing the alkyl group and then replacing the -ose 
suffix of the sugar with -oside. 
d. The laboratory synthesis of glycosides is achieved by the Koenigs—Knorr 
reaction. 
i. Treatment of the acetylpyranose with HBr, followed by treatment with the 
appropriate alcohol апа Ag2O, gives the acetylglycoside. 
ii. Both anomers give the same product. 
iii. The reaction involves neighboring-group participation by acetate. 
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3. Phosphorylation. 
a. Monosaccharides can be phosphorylated by ATP to form a glycosyl 
monophosphate. 
b. The resulting glycosyl monophosphate can react with a second nucleoside 
triphosphate to produce a glycosyl diphosphate. 
c. This product can react with a lipid or a protein to form a glycoconjugate. 
4. Reduction of monosaccharides. 
a. Reaction of a monosaccharide with NaBH; yields an alditol (a polyalcohol). 
5. Oxidation of monosaccharides. 
a. Several mild reagents can oxidize the carbonyl group to a carboxylic acid 
(aldonic acid). 
i. Inthe laboratory, aqueous Br» is used to oxidize aldoses (not ketoses). 
ii. Historically, Tollens reagent, Fehling's reagent and Benedict's reagent have 
served as tests for reducing sugars. 
ii. All aldoses and some ketoses are reducing sugars, but glycosides are 
nonreducing. 
b. The more powerful oxidizing agent, dilute HNO3, oxidizes aldoses to 
dicarboxylic acids (aldaric acids). 
c. Enzymes can oxidize the -CH2OH of a monosaccharide (with oxidizing the 
aldehyde) to form a uronic acid. 
6. Chain-lengthening: the Kiliani—Fischer synthesis. 
a. In the Kiliani—Fischer synthesis, an aldehyde group becomes C2 of a chain- 
lengthened monosaccharide and the added carbon is the new C1. 
b. The reaction involves cyanohydrin formation, reduction and hydrolysis. 
c. The products are two diastereomeric aldoses that differ in configuration at C2. 
7. Chain-shortening: the Wohl degradation. 
a. The Wohl degradation shortens an aldose by one carbon. 
b. The reaction involves treatment of the aldose with hydroxylamine, dehydration 
and loss of HCN from the resulting cyanohydrin. 
D. Eight essential monosaccharides (Section 25.7). 
1. Glucose, galactose, mannose and xylose are aldoses. 
2. Fucose is a deoxy sugar. 
3. N-Acetylglucosamine and N-acetylgalactosamine are amino sugars. 
4. N-Acetylneuraminic acid is the parent compound of the sialic acids. 
5. All of the essential monosaccharides arise from glucose. 
III. Other carbohydrates (Sections 25.8—25.11). 
A. Disaccharides (Section 25.8). 
1. Cellobiose and maltose. 
a. Cellobiose and maltose contain a 1— 4-glycosidic acetal bond between two 
glucose monosaccharide units. 
b. Maltose consists of two glucopyranose units joined by a 1— 4-a-glycosidic 
bond. 
c. Cellobiose consists of two glucopyranose units joined by a 1— 4-6-glycosidic 
bond. 
d. Both maltose and cellobiose are reducing sugars and exhibit mutarotation. 
e. Humans can't digest cellobiose but can digest maltose. 
2. Lactose. 
a. Lactose consists of a unit of galactose joined by a f-glycosidic bond between 
C1 and C4 of a glucose unit. 
b. Lactose is a reducing sugar found in milk. 
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3. Sucrose. 
a. Sucrose is a disaccharide that yields glucose and fructose on hydrolysis. 
1. Sucrose is called "invert sugar" because the sign of rotation changes when 
sucrose is hydrolyzed. 
ii. Sucrose is one of the most abundant pure organic chemicals in the world. 
b. The two monosaccharides are joined by a glycosidic link between C1 of glucose 
and C2 of fructose. 
c. Sucrose isn't a reducing sugar and doesn't exhibit mutarotation. 
B. Polysaccharides and their synthesis (Section 25.9). 
1. Polysaccharides have a reducing end and undergo mutarotation, but aren't 
considered to be reducing sugars because of their size. 
2. Important polysaccharides. 
a. Cellulose. 
i. Cellulose consists of thousands of D-glucose units linked by 1— 4-В- 


glycosidic bonds. 
ii. In nature, cellulose is used as structural material. 
b. Starch. 
i. Starch consists of thousands of D-glucose units linked by 1— 4-o-glycosidic 
bonds. 


ii. Starch can be separated into amylose (water-soluble) and amylopectin 
(water-insoluble) fractions. 
(a). Amylopectin contains 1— 6-o-glycosidic branches. 

ш. Starch is digested in the mouth by glycosidase enzymes, which only cleave 
a-glycosidic bonds. 

c. Glycogen. 

i. Glycogen is an energy-storage polysaccharide. 
ii. Glycogen contains both 1— 4- and 1— 6-links. 
3. Anoutline of the glycan assembly method of polysaccharide synthesis. 

a. A glycal (a monosaccharide with a C1-C2 double bond) is protected at Сб by 
formation of a silyl ether and at C3—C4 by formation of a cyclic carbonate ester. 

b. The protected glycal is epoxidized. 

c. Treatment of the glycal epoxide (in the presence of ZnCl) with a second glycal 
having a free C6 hydroxyl group forms a disaccharide. 

d. The process can be repeated. 

C. Other important carbohydrates (Section 25.10). 
1. Deoxy sugars have an -OH group missing and are components of nucleic acids. 
2. In amino sugars, an -OH is replaced by a - NH». 
a. Amino sugars are found in chitin and in antibiotics. 
D. Cell surface carbohydrates and influenza viruses (Section 25.11). 
1. Polysaccharides are involved in cell surface recognition. 

a. Polysaccharide markers on the surface of influenza viruses are variants of two 
types of glycoproteins -hemagglutinin (H — Type 5 or Type 1), and 
neuraminidase (N — Type 1). 

b. Infection occurs when a virus binds to a receptor on a target cell and is engulfed 
by the cell. 

c. New viral particles are produced, pass out of the cell, and are held to surface 
receptors. 

d. A neuraminidase enzyme cleaves the receptor-virus bond, allowing the virus to 
invade a new cell. 

2. Antiviral vaccines block the neuraminidase enzyme, limiting the spread of the virus. 
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Solutions to Problems 


25.1 
(a) (b) (с) (d) 
н. 20 СНОН СНОН н. 20 
| C=O C=O | 
HO =C =H | | H= C -aH 
| H»-C «ОН HO» C-H | 
H=C «ОН | | H=C—0OH 
| H=C «ОН нов СН | 
CH5OH | | H = C -a OH 
CHOH H= C -OH | 
| CH5OH 
CHOH 
Threose Ribulose Tagatose 2-Deoxyribose 
an aldotetrose a ketopentose a ketohexose an aldopentose 


25.2 Horizontal bonds of Fischer projections point out of the page, and vertical bonds point into 


the page. 
(a) сон CO;H CO?H 
HoN En нан = NH, 
CH3 CH3 H3C 
tb) CHO CHO CHO 
H OH HS mm 
CH3 СНз HO 
(c) CH3 єн CH3 


| 
ы oU H ~ CHO „сЗ 
CHCH3 CH2CH3 О 


25.3 То decide if two Fischer projections are identical, use the two allowable rotations to 
superimpose two groups of each projection. If the remaining groups are also superimposed 
after rotation, the projections represent the same enantiomer. 


(a) Since —Н is in the same position in both A and B, keep it steady, and rotate the other 
three groups. If, after rotation, all groups are superimposed, the two projections are 
identical. If only two groups are superimposed, the projections are enantiomers. Thus, A 
is identical to B. 


A B 
"i OH 
HO = HOCH, H 
Kl steady 
CHOH CHO 
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Chapter 25 
B C 
( OH H 

HOCH» Н = HO CH2OH 
steady CHO 

D сњон OH E OH 
180° 

H CHO —— ОНС H = HOCH; H 

OH СНОН CHO 


Projections A, B and C are identical, and D is their enantiomer. 


25.4 Rotate the structure 180? around the horizontal axis to arrive at a drawing having the 


25.5 


hydrogen at the rear. Assign the R,S configuration as usual, and draw the Fischer 
projection 


Cl H H 
“л. М 
R 
HOCH»--C--CHs = Heo Cees) =. onus CH 
І 
H Cl Cl 


Draw the skeleton of the Fischer projection and add the -CHO and -CH5OH groups to the 
top and bottom, respectively. Look at each carbon from the direction in which the -H and 
—OH point out of the page, and draw what you see on the Fischer projection. 


View C3 from this side; 
—OH is on the right. 


HO'H CHO CHO 
\, | H 
HO: 246. «2 6H9. cu; B OH " 5 OH 
"aA. H i OH OH 
HA * CH5OH CH5OH 
View C2 from this side; 


—OH is on the right. 
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25.6 The hydroxyl group bonded to the chiral carbon farthest from the carbonyl group points to 
the right in a D sugar, and points to the left in an L sugar. 


(a) CHO (b) CHO (с) CH5OH 
но 2-н H— oH CO 
Ho— ŠH но—®-н но—=-н 
CH2OH H OH H— oH 
CHOH CHOH 
L-Erythrose D-Xylose D-Xylulose 
25.7 
CHO 
H— oH 
но—°-н ; 
L-(+)-Arabinose 
HO H 
CHOH 
25.8 
(a) CHO (b) CHO (c) CHO 
HO H HO H HO H 
H OH OH HO H 
HO H OH HO H 
CHOH HO H HO H 
CHOH CHOH 
L-Xylose L-Galactose L-Allose 


25.9 Ап aldoheptose has 5 chirality centers. Thus, there are 25 = 32 aldoheptoses – 16 D 


aldoheptoses and 16 L aldoheptoses. 


25.10 See Problem 25.5 for the method of solution. 


View C3 from this side; 


—OH is on the right. CHO CHO 
{ OH P он 
HOH " 
ОНС. 2 „С. 4 „СНОН e oH 
eae OH OH 
| | 
HOH HOH CH»OH CH2OH 
D-Ribose 


View C2,C4 from this side; 
—OH is on the right. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


708 Chapter 25 


25.11 The steps for drawing a furanose are similar to the steps for drawing a pyranose. Ring 
formation occurs between the —OH group at C4 and the carbonyl carbon. A groups on the 
right in a Fischer projection is on the bottom face of the ring. 


CHO 
R 5 
H OH HOCH»? H HOCH% 
R OH — n< 
H OH 4 С=с = co >H, 
R 3 1 О 4 1 4 OH 
H OH 
OH OH OH 
СНОН 2 
2 D-Ribose (Furanose form) 


25.12 The furanose of fructose results from ring formation between the —OH group at C5 and the 
ketone at C2. In the a anomer, the anomeric —OH group is trans to the Сб -CH2OH group, 
and in the 6 anomer the two groups are cis. In the pyranose form, cyclization occurs 
between the —OH group at C6 and the ketone. The more stable chair conformations are 


shown. 


СНОН 


О OH 
OH 


HO 
HO 


a-D-Fructopyranose 


trans 


*O 
I 


OH 
a-D-Fructofuranose 


OH 


HO 
HO 


B-D-Fructopyranose 


cis 


* 
* 


CHOH 
OH 


f-D-Fructofuranose 
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25.13 There are two ways to draw these anomers: (1) Following the steps in Worked Example 
25.3, draw the Fischer projection, lay it on its side, form the pyranose ring, and convert it 
to a chair, remembering that the anomeric -OH group is cis to the Сб group; (2) Draw В-р- 
glucopyranose, and exchange the hydroxyl groups that differ between glucose and the 
other two hexoses. 


a 
OH 
e e a 
HOCH; e | HOCH; OH 
HO OH HO OH 
OH e e e 
e 
p-D-Galactopyranose p-D-Mannopyranose 


p-D-Galactopyranose and p-D-mannopyranose each have one hydroxyl group in the axial 
position and are therefore of similar stability. 


25.14 In the previous problem we drew f-D-galactopyranose. In this problem, invert the 
configuration at each chirality center of the D enantiomer and perform a ring-flip to arrive at 
the structure of the L enantiomer. 


OH 
invert OH ing- Ө е 
flip OH 
ро ОН CHOH HO : 
ӨН Он Он 


a OH € 
p-D-Galactopyranose p-L-Galactopyranose 


All substituents, except for the -OH at C4, are equatorial in the more stable conformation 
of p-L-galactopyranose. 


25.15 From the model, we can see that the monosaccharide is the pyranose form of a D-hexose. 
It is an a-anomer because the anomeric hydroxyl group is trans to the group at Сб. 
Comparing the model with o-D-glucopyranose, we see that all groups have the same 
axial/equatorial relationship, except for the hydroxyl group at C3, which is axial in the 
model and equatorial in a-D-glucopyranose. The monosaccharide is a-D-allopyranose. Use 
Figure 25.3 as a reference. 


О БОИ H 

H OH 
HOCH» 
HO О H OH 
H OH 
OH 

OH OH H OH 
a-D-Allopyranose СНОН 


D-Allose 
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25.16 
CH340CH» OCH3 
HOCH, OH H 
9 ОСНз OCH3 
H 
> SE CH3COCH> OCCH3 
f-D-Ribofuranose (b) (CH3CO)50, О 
pyridine H 
онзсо обв 
О О 
25.17 
CHO СНОН CHO 
H OH H OH H OH H 
HO H  1.NaBH, HO H HO H 1. NaBH, HO 
= асе Е 
H OH 2.H50 H OH HO H 2. НО HO 
H OH H OH H OH H 
CHOH CHOH CHOH CHOH 
D-Glucose D-Glucitol D-Galactose Galactitol 
Reaction of D-galactose with NaBH, yields an alditol that has a plane of symmetry and is a 
meso compound. 
25.18 
CHO CH 20H СНОН CHO 
H OH H OH HO H HO 
HO H — 1.NaBH, HO H __ но H  1.NaBH, НО 
————— == 5 
Он 2.H50 H OH H OH 2.HO H OH 
OH H OH HO H HO H 
CHOH CHOH CHOH CHOH 
D-Glucose D-Glucitol L-Gulose 


Reaction of an aldose with NaBH; produces a polyol (alditol). Because an alditol has the 
same functional group at both ends, two different aldoses can yield the same alditol. Here, 
L-gulose and D-glucose form the same alditol (rotate the Fischer projection of L-gulitol 
180° to see the identity). 
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25.19 
CHO COH CHO COH 
H OH H OH H OH H OH 
HO H dil. HNO, HO H H OH di. HNO} H OH 
———————- — > ----4----- - 
OH heat H OH H OH | heat H OH 
OH H OH H OH H OH 
СНОН СОН СНОН СОН 
D-Glucose Glucaric D-Allose Allaric 
acid acid 


Allaric acid has a plane of symmetry and is an optically inactive meso compound. Glucaric 
acid has no symmetry plane. 


25.20 D-Allose and D-galactose yield meso aldaric acids. All other D-hexoses produce optically 
active aldaric acids on oxidation because they lack a plane of symmetry. 


25.21 The products of Kiliani—Fischer reaction of D-ribose have the same configuration at СЗ, 
C4 and C5 as D-ribose. Use Figure 25.3 as a reference. 


CHO CHO 
CHO H OH HO H 
1. HON 
H OH 2. Hp, Pd catalyst H OH H OH 
—————— 4 
H OH  3.Hg0* H OH H OH 
H OH H OH H OH 
CHOH CHOH CHOH 
D-Ribose D-Allose D-Altrose 


25.22 The aldopentose, L-xylose has the same configuration as the configuration at C3, C4 and 
C5 of L-idose and L-gulose. Use Figure 25.3 as a reference. 


CHO CHO 
CHO H OH HO H 
HO H xs HO H HO H 
2. Ho», Pd catalyst + 
ooo 
H OH зно? H OH H OH 
HO H HO H HO H 
СНОН СНОН CHOH 
L-Xylose L-Idose L-Gulose 
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25.23 The aldopentoses have the same configurations at C3 and C4 as D-threose. 


CHO 


HO H or 


25.24 


CH3CONH 
HO 

H OH 

H OH 

CHOH 


N-Acetylmannosamine 
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CH3CONH H 


1. HəNOH 
2. (CH3CO)20, 
СНзСО» Na* 


3. Ма? “OCH H OH 


CH5OH 
D-Threose 


(92: CO 

lee 

CH» dx H d 
H OF H OH 
CH3CONH H 


—> HO H 


HO H 


OH 
СНОН 


N-Acetyl-D-neur- 
aminic acid 
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25.25 
СНОН CHOH 
(ау 1-№аВНА но О Н ou 
CH5OH CHOH 
| Вг но Нон 
— 
Cellobiose (b) НО HO Оо 
RHOAE CH2OAc 
О 
CH3COCI АсО О 
(c) — — Асо Q 
pyridine AcO OAc 
О ОАс ОАс 


|| 
Ас = CH3C — 


Visualizing Chemistry 


25.26 (a) Convert the model to a Fischer projection, remembering that the aldehyde group is on 
top, pointing into the page, and that the groups bonded to the carbons below point out of 
the page. The model represents a D-aldose because the -OH group at the chiral carbon 
farthest from the aldehyde points to the right. 


Ho CHO 
МӨ ... CHO HO H 
4\ 4\ = H OH 
HH HOH 
CHOH 
D-Threose 


(b) Break the hemiacetal bond and uncoil the aldohexose. Notice that all hydroxyl groups 
point to the right in the Fischer projection. The model represents the В anomer of D- 


allopyranose. 
СНОН Б СНО 
HO 
H OH 
OH 
OH = H OH 
OH H H OH 
p-D-Allopyranose H OH 


СНОН 
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25.27 The hints in the previous problem also apply here. Molecular models are helpful. 


(а) HOH CHO (b) HO H CHO 
HO, > Seo HO H ОНС _ Zoe H OH 
4` CHOH А MN OH 
H H HOH HH 
L-Glyceraldehyde CH5OH 


D-Erythrose 


25.28 The structure represents an a anomer because the anomeric —OH group and the -СН5ОН 
group are trans. The compound is a-L-mannopyranose because the -OH group at C2 is the 
only non-anomeric axial hydroxyl group. 


trans * OH 
ж 
HO 
HO 
OH 
a-L-Mannopyranose 
25.29 
(a) 
Нор H EU CHO CHO CHO 
Ии en H OH HO H H OH 
A A A OH 
HOHHOH HH Hp He НО " 
HO H H OH H OH 
HO H OH OH 
CH20H CH20H CH5OH 
L-Mannose D-Mannose D-Glucose 
(enantiomer)  (diastereomer) 


(b) The model represents an L-aldohexose because the hydroxyl group on the chiral carbon 


farthest from the aldehyde group points to the left. 

(c) This is tricky! The furanose ring of an aldohexose is formed by connecting the -OH 
group at C4 to the aldehyde carbon. The best way to draw the anomer is to lie L-mannose 
on its side and form the ring. All substituents point down in the furanose, and the anomeric 
—OH and the -CH(OH)CH2OH group are cis. 


4 
HOH OH он 


p-L-Mannofuranose 
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Additional Problems 


Carbohydrate Structure 
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25.30 
(a) (b) (c) 
CHOH СНОН CHO 
$= О —- OH H OH 
CHOR C=O HO H 
a ketotriose H OH H OH 
CH5OH HO H 
a ketopentose H OH 
CHOH 
an aldoheptose 
25.31 
@ онон (00 OHOH © сно @ сно 
= О c =O H NH» 
H OH H OH OH OH 
СНОН HO H HO H OH 
СНОН H OH СНОН 
CH5OH 
a ketotetrose a ketopentose a deoxyaldohexose a five-carbon 


amino sugar 


25.32 D-Ribose and L-xylose are diastereomers and differ in all physical properties (or if they 
have identical physical properties in any category, it is a coincidence). 


25.33-25.34 


Ascorbic acid has an L configuration because the hydroxyl group at the lowest chirality 
center points to the left. 


OH 
HO. C HO OH 
С ———— 
с=0 H-E geo 
H om 
23 NE. Ho S c—nu 
HO H 
CHOH g 


L-Ascorbic acid 
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25.35 
b 
@ (b) © м 
H3C Br н 5-сон 
Вг H s Н он 
H3C H 
OH 
25.36 
(a) H (b) H (c) H 
CH2CH3 COH COH 
(S)-2-Bromobutane (R)-Alanine (R)-2-Hydroxypropanoic acid 
CH4CH5CH(Br)CHs CH4CH(NH5)COSH CH4CH(OH)CO;H 
(d) " 
S 
ch eon S CH3 
CH5CHs 
(S)-3-Methylhexane 
CH4CH5CH5CH(CH3)CH5CHs 
25.37 
CHO CHO 
H OH HO H 
H OH H OH 
HO H HO H 
OH OH 
OH OH 
CHOH CHOH 
25.38 
ж 
GH2OH С 
HO 5 à This structure is a pyranose (6-membered 
OH ring) and is a 8 anomer ( the C1 hydroxyl 
OH group and the -CH,OH groups are cis). 
OH H It is a D sugar because the -O- at C5 


is on the right in the uncoiled form. 
p-D-Allopyranose 
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25.39 
* 5 OH “Ss * 
HOCH; “Оо OH 
OH 
OH 
p-L-Gulopyranose 
25.40 
(a) 
HOCH, OH 6 
HO * 
OH 
OH H 
p-D-Altropyranose 
(b) 
HOCH» оон „©н;Он 
OH 
OH 
a-D-Fructofuranose 
(c) 
OH 
HOCH» О 
HO 
HO 
OH 
a-L-Mannopyranose 
25.41 


OH 


H О 
OH OH 


p-D-Ribulofuranose 


Biomolecules: Carbohydrates 


This sugar is a В-ругапоѕе. It is an L sugar 
because the -O- at C5 points to the left in 
the uncoiled form. It's also possible to 
recognize this as an L sugar by the fact that 
the configuration at C5 is S. 


HO H 


HO H 


HO H 
HO H 
СНОН 


717 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


718 Chapter 25 


25.42 


e 
p-D-Talopyranose 


Carbohydrate Reactions 


25.43 
CH5OH (a) аон e 


нон NaBH, | HOGHo OH, O 20 [m see 
———— 
2. HQ е 
HO—|—H 
HO—|—H 


(b) , & D- -Talopyranose H E 
H OH 
e d 
dil © CH3I\ CHO CH20CH3 
CHOH HNO 2 АдрО OCH3 
з үн -0 
CH3CH2OH 
CO2H CO2H ic. CH30 осн; 
HO H HO H : 
OH 
HO H HO H Е 
H OH H OH HO ОСН»СНЗ 
CO.H CH4OH and a anomer 
2 2 


In (f), —Ac represents an acetate. 
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25.44-25.46 Four D-2-ketohexoses are possible. 
CHOH СНОН CHOH CHOH 
C=O C —O C=O C —O 
OH HO H H OH HO H 
OH H OH HO H HO H 
OH H OH H OH H OH 
CHOH CHOH CHOH СНОН 


D-Psicose D-Fructose D-Sorbose D-Tagatose 


| 1. NaBH4 | 1. NaBH4 

2. H20 2. H20 

CHOH CHOH CHOH CHOH 
OH но H H OH но H 
OH H OH H OH H OH 
OH H OH но H “но H 
OH H OH H OH H OH 

CHOH CH2OH CHOH CH2OH 

Allitol Altritol Gulitol Iditol 


IT I I I 
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25.47 The two lactones are formed between a carboxylic acid and a hydroxyl group 4 carbons 
away. When the lactones are reduced with sodium amalgam, the resulting hexoses have an 
aldehyde at one end and a hydroxyl group at the other end. 


SN 
CHO COH "c COH 
H OH H OH H m H 
dil. 
HO H il. НО H HO HO , HO H 
oH HNOs н OH H zen H OH O 
OH H OH H H -on 
CH5OH CO5H CO5H „6 
О 
Na(Hg) Na(Hg) 
g ^s N 
CHO CHOH CHO 
H OH H OH HO 
HO H HO H 
rotate 
H OH H OH 180° H OH 
H OH H OH HỌ H 
CHOH CHO CH OH 
D-Glucose L-Gulose 


25.48 The hard part of this problem is determining where the glycosidic bond occurs on the 
second glucopyranose ring. Treatment with iodomethane, followed by hydrolysis, yields a 
tetra-O-methyl glucopyranose and a tri-O-methyl glucopyranose. The oxygen in the tri-O- 
methylated ring that is not part of the hemiacetal group and is not methylated is the oxygen 
that forms the acetal bond. In this problem, the C6 oxygen forms the glycosidic link. 


CH5OCHs 
О 

HO Q CH4O OH 

HO О 1. CH3l, AgoO А OCHs 

E 2. H30* 
OH Che: gs СНОН 

Gentiobiose HO OH CH30 OH 

OH OCH, 


6-O-(B-D-Glucopyranosyl)-p-glucopyranose 
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General Problems 


25.49 
CHO 
H OH 
HO 
HO 
H OH 
СНОН 


D-Galactose 


Biomolecules: Carbohydrates 


HO 
OH 


a-D-Galactopyranose 
[9] = 4150.7? 


OH 


OH 


p-D-Galactopyranose 
[а] = 452.8? 


Let x be the percent of D-galactose present as the о. anomer and y be the percent of D- 
galactose present as the D anomer. 


150.7?x + 52.8?y = 80.2? 


x+y=1; y=1-x 


150.7°x + 52.8°(1-х) = 80.2? 


97.9°х = 27.4° 
x = 0.280 
y = 0.720 


28.0% of D-galactose is present as the a anomer, and 72.0% is present as the 6 anomer. 


25.50 
CHO 
HO H 
HO Н 1.NaBH4 
————- 
HO н 2.H20 
H OH 
СНОН 
D-Talose 
25.51 
CHO 
H OH 
H OH dil. 
H ou. -HNOs 
H OH 
СНОН 
D-Allose 


CH2OH CHOH 
HO Н rotate HO H 
HO н 180° н OH 
HO нн OH 
H OH H OH 
CH20H CH20H 
COH COH 
H OH rotate HO H 
H oH 180° Ho H 
H OH Е HO H 
H OH HO H 
COH COH 


CHO 

HO H 

1.NaBH4 H OH 
we 

2.H)0 H OH 

H OH 

CH5OH 

D-Altrose 

CHO 

HO H 

dil. HO H 

HNO3 но H 

HO H 

CHOH 

L-Allose 
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CHO COH COH CHO 
H OH H OH HO H HO H 
rotate 
HO H dil. HO H 180° H OH dil. H OH 
> == E—— 
HO H | HNO, HO H H OH HNO, H OH 
H OH H OH HO H HO H 
CHOH COH COH CHOH 
D-Galactose L-Galactose 
25.52 
CHO COH COH CHO 
HO HO He uo H HO H 
dil. 180 dil. 
HO ——- HO H == H OH -—— H OH 
HNO 
pesto. POS. пеон H OH ? H OH 
СНОН COH COH CHOH 
D-Lyxose D-Arabinose 


25.53 (a) D-Galactose gives the same aldaric acid as L-galactose. 


CHO COH COH CHO 
HO H H OH rotate HO H H OH 
H OH gi, HO н 180° н OH dil HO H 
_ = < 
H OH HNO3 HO H H OH HNO3 HO H 
HO H H OH HO H H OH 
CHOH COH COH CHOH 


L-Galactose 


D-Galactose 


(b) The other aldohexose is a D-sugar. 


(c) 
OH 


CH5OH 
2° _О 


НО 


OH 
OH 


p-D-Galactopyranose 
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25.54 
CH,OH CH,OH НО CHOH 
б NAD* О N 2 B NADH/H* е о 
HO NADH/H* NAD* 
a к uM EE dM 
OH OH OH 
Diphospho- Diphospho- Diphospho- 
uridylate uridylate uridylate 
UDP-Glucose UDP-Galactose 
Oxidation of the C4 hydroxyl group by NAD* forms a ketone plus NADH, and reduction 
of the ketone by NADH yields UDP-galactose. The result is an epimerization at carbon 4 
of the pyranose ring. 
25.55 
В: ^ *H—CHOH 
Ü —H 
О 
?-O4POCH; CH5OH Ay 
OOH HO H 
В ——> 
are H OH 
O —H 
OH H OH 
Fructose 6-phosphate CH,OPO37— 
fou -" 
HW 2° En Нн _O—H 
С 
2— 
O3POCH»2 H—A 
ОН О HO H HO Mor А 
HO <— <— 
HO HO H HO H 
OH Н OH H OH 
Mannose 6-phosphate H O—H^4 в OH 
CH9OPOs*- CH50PO4^- 


All of these reactions are acid/base catalyzed enolizations or hemiacetal 
openings/formations. 
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25.56 
H 
КО NH :0 мнз? Y) HO NH9 
» mro 5, 
HO H HO H HO H 
——— MÀ ж > 
H OH H OH H OH 
H OH H OH H OH 
СН,оРО 27 СН,ОРО 27 CH,OPO37 


Fructose 6-phosphate 


"Not N cw, 
H NH» aoe NH» 
HO H HO H 
H ou “== н OH 
H OH H OH 
CH2OPO 7 CH,OPO4^- 


Glucosamine 6-phosphate 


Nucleophilic acyl substitution and tautomerization lead to the formation of glucosamine 6- 
phosphate from fructose 6-phosphate. The mechanism of opening of the fructofuranose 
ring was shown in the previous problem. 


25.57 Amygdalin has the same carbohydrate skeleton as gentiobiose (Problem 25.48). Draw the 
cyanohydrin of benzaldehyde, and form a bond between the hemiacetal oxygen and the 
carbonyl carbon of benzaldehyde, with elimination of water. 


CHOH 
HO 9 
HO О, 
OH СН, 
HO О 
HO Oc 

OH R 

Amygdalin IN 
H CN 
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25.58 Since trehalose is a nonreducing sugar, the two glucose units must be connected through 
an oxygen atom at the anomeric carbon of each glucose. There are three possible structures 
for trehalose: The two glucopyranose rings can be connected (о, а), (f.p), or (a). 


25.59 Since trehalose is not cleaved by /-glycosidases, it must have an a,a glycosidic linkage. 


a glycoside 
x H 


N О 
О О 
OH 5 
HOCH» OH 
HOCH 
Ho НО ? OH 


Trehalose 
1-O-(a-D-Glucopyranosyl)-o-glucopyranose 


25.60 
CH5OH OH 


p vc" HO OH 
HO 9 О CH5OH 
OH X 4 
В glycoside 
Neotrehalose 


1-O-(8-D-Glucopyranosyl)-p-glucopyranose 


CHOH 
HO a glycoside 
/ OH 
OH | HO OH 
P glycoside Isotrehalose 
1-O-(a-D-Glucopyranosyl)-p-glucopyranose 
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25.61 


25.62 


Chapter 25 


HOCH»? 
HO 9 
Glucopyranose is in HO 
equilibrium with OH OH 
glucofuranose 
«ow, || 
HO Sg aH 
OH о 
OH 
Reaction with two equivalents OH 
of acetone occurs by the О 
mechanism we learned | 2 CH3COCHs, НСІ 
for acetal formation (Sec 19.10) 
OH o + 2 H20 


O 
O 


A five-membered acetal ring forms much more readily when the hydroxyl groups are cis to 
one another. In glucofuranose, the C3 hydroxyl group is trans to the C2 hydroxyl group, 
and acetal formation occurs between acetone and the C1 and C2 hydroxyls of 
glucofuranose. Since the C1 hydroxyl group is part of the acetone acetal, the furanose is 
no longer in equilibrium with the free aldehyde, and the diacetone derivative is not a 
reducing sugar. 


HOCH» pe кы. 
OH A. + 2 НО 


HO E О 
SH OH 
[| 
hemiacetal 


O 
Съ OH 
7 О 


О О 
2,3:4,6-Diacetone mannopyranoside 


Acetone forms an acetal with the hydroxyl groups at C2 and C3 of D-mannopyranoside 
because the hydroxyl groups at these positions are cis to one another. The pyranoside ring 
is still a hemiacetal that is in equilibrium with free aldehyde, which is reducing toward 
Tollens' reagent. 
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25.63 Dilute base abstracts a proton a to the carbonyl carbon, forming an enolate. The enolate 


double bond can be protonated from either side, giving either mannose or glucose as the 


product. 
О „Н 
i or 
272 C — OH 
HOT Pi 
Cede cd i 
Glucose ox Zn 
S T 
C — OH 
HO —H „р 
O 
COH р? 
os ee 
HO H HO H O 
OH OH 
OH 
lactone 
СНОН formation CH2OH 
D-Gluconic acid + H2O 
CO;H S 
HO 2 HO ү 
HO М » HO но 
<=— 
SB H OH 
OH 
lactone 
СНОН formation СНОН 
D-Mannonic acid + НО 


B 
HO—C 
SS Uo 
ед “OH 
TR OD 
ace" T Mannose 
ll^ a 
HO—C 
H—OH 
HOCH, H 
| HO -O 
= HO 
Хх, 
OH “о 


enolization || pyridine 


HOCH; 
HO о a 
HO a enedio 
OH 
OH 


enolization || pyridine 


HOCH, OH 


HO «o 


HO 


/ 


Isomerization at C2 occurs because the enediol can be reprotonated on either side of the 


double bond. 
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25.65 There are eight diastereomeric cyclitols. 


OH H 
HO HO HO 
HO OH HO HO 
HO OH HO OH HO 
OH OH OH 
OH 
OH H OH 
HO он HO HO OH 
HO HO HO 
HO OH OH HO 
OH 
OH OH 
OH OH H 
HO он HO 
HO 
HO OH 
OH 
OH OH 
25.66 
CHO CO5H 
H OH H OH 
dil. HNO3 
D-Ribose H OH — ——» H OH 
heat 
H OH H OH 
СНОН CO5H 
A B 
1. HON 
2. H5, Pd catalyst 
3. H9O* 

СОН CHO CHO COH 
HO H HO H H OH H OH 
H OH dil. HNO; H OH H OH dil. HNO; H OH 

-——————— 4 — > 
OH heat H OH H OH heat H OH 
OH H OH H OH H OH 
COH CH5OH CH5OH COH 
E C D F 
D-Altrose D-Allose 


Because A is oxidized to an optically inactive aldaric acid, the possible structures are D- 
ribose and D-xylose. Chain extension of D-xylose, however, produces two hexoses that, 
when oxidized, yield optically active aldaric acids. 
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25.67 
(a) H е) H О H NNHPh 
d снгон sor `є* 
Н ОН C=O HO C=NNHPh 
or or 
HO H HO H HO H 2 HoNNHPh HO H 
————- 
H OH OH OH H OH 
H OH OH OH H OH 
CHOH CH2OH CHOH CHOH 
D-Glucose D-Fructose D-Mannose An osazone 
( н N—NHPh © н. NH-L-NHPh N 
T H NH 
`c? КЕ V `с2 n "в 
Н OH C—O—H C=O 
HO H HO H HO H 
——- 
H OH H OH H OH 
H OH H OH H OH 
CH5OH CH5OH СНОН 
phenylhydrazone enol keto imine 
(d) s H H H H 
H 4 NH Bel ao ae | + NH3 
<>F G 2 te PhNHN ek: а 
BA NN: е C—o C=0 c=0 
HO H HO H HO H HO H 
— — — 
=—_ -————— -—— — 
H OH H OH OH H OH 
H OH H OH OH H OH 
CHOH CHOH CHOH CHOH 
H H H 
| | | | + НО 
oom T PAS ¢ PEE ie 
PhNH— i ica c- —Q: T PhNHN=C 
HO H HO H 
-———— -———— — 
H OH H OH 
H OH H OH 
CHOH СНОН СНОН CHOH 


In these last steps, two nucleophilic addition reactions take place to yield imine products. 
The mechanism has been worked out in greater detail in Section 19.8, but the essential 
steps are additions of phenylhydrazine, first to the imine, then to the ketone. Proton 
transfers are followed by eliminations, first of ammonia, then of H20. 
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25.68 (a) 
OH CHOH | CHOH OH 
OH, rin 
S -—— О 
OH fip но OH 
HO 
OH 


less stable more stable 


p-D-Idopyranose 


OH сн,он CH2OH 
Оно . 
р тїп О OH 
fli HO OH 
Ip 
HO 
OH OH 
less stable more stable 


a-D-Idopyranose 


(b) a-D-Idopyranose is more stable than p-D-idopyranose because only one group is axial 
in its more stable chair conformation, whereas f.-D-idopyranose has two axial groups in 
its more stable conformation. 


(c) 
СНОН OH НС —————O 
heat 
O = О + HO 
HO OH HO OH 
HO HO 


1,6-Anhydro-D-idopyranose is formed from the f anomer because the axial hydroxyl 
groups on carbons 1 and 6 are close enough for the five-membered ring to form. 


(d) The hydroxyl groups at carbons 1 and 6 of D-glucopyranose are equatorial in the most 
stable conformation and are too far apart for a ring to form. 


25.69 
HOCH» OH 
Нон 
H H 
HO OH 


D-Ribofuranose is the sugar present in acetyl CoA. 
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25.70 Cleavage of fructose 1,6-bisphosphate occurs by a retro aldol reaction. 


| СНгОРОз E | CHSOPOS 289 
СнгОРОз 27 C—0:- ——> С=О 
EM f 7 y | 
[S | HO—C—H HTA CH20H 

HO Cc pd КУ -—— t Dihydroxyacetone 
H-C^0-H :В TE 3-phosphate 
а OH H—C— OH 

e | 
ОН;ОРОЗ * CH;OPOs? 
Fructose 1,6-bisphosphate Glyceraldehyde 
3-phosphate 


25.71 (a) Oxidation by NADP”, elimination, and conjugate reduction by NADPH give the 


observed product. Notice that there is no net consumption of NADP*. The mechanism of 
МАРР" oxidations and reductions has been shown many times in this book and also 
appears in part (c). 


NADP* 2 
BOC HOS NADPH/H! Oz OH 
HO й \ 7 
HO 


-O 
| OGDP HO OGDP 
H 


GDP-D-Mannose 


+ CH 
o... PsC он, pee RA à 2 OH 
оа ae 


HO OGDP 
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(b) Two epimerizations, both o to the carbonyl group, cause a change in stereochemistry. 


OH 
— 
HO OGDP HO OGDP 


T OGDP + || OGDP 
OH OH 


GDP-L-Fucose 
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Chapter 26 — Biomolecules: Amino Acids, Peptides and Proteins 


Chapter Outline 


I. Amino acids (Sections 26.1—26.3). 
A. Structure of amino acids (Section 26.1). 


1. 


> чо 


Amino acids exist in solution as zwitterions. 
a. Zwitterions are internal salts and have many of the properties associated with 
salts. 
i. They have large dipole moments. 
ii. They are soluble in water. 
iii. They are crystalline and high-melting. 
b. Zwitterions can act either as acids or as bases. 
i. The -CO7 group acts as a base. 
ii. The ammonium group acts an acid. 
All natural amino acids are o-amino acids: the amino group and the carboxylic acid 
group are bonded to the same carbon. 
All but one (proline) of the 20 common amino acids are primary amines. 
All of the amino acids are represented by both a three-letter code and a one-letter 
code. See Table 26.1. 
All amino acids except glycine are chiral. 
a. Only one enantiomer (L) of each pair is naturally-occurring. 
b. In Fischer projections, the carboxylic acid is at the top, and the amino group 
points to the left. 
c. a-Amino acids are referred to as L-amino acids. 
Side chains can be neutral, acidic, or basic. 
a. Fifteen of the 20 amino acids are neutral. 
b. Two (aspartic acid and glutamic acid) are acidic. 
1. At pH = 73, their side chains exist as carboxylate ions. 
c. Three (lysine, arginine and histidine) are basic. 
1. At pH = 7.3, the side chains of lysine and arginine exist as ammonium ions. 
ii. Histidine is not quite basic enough to be protonated at pH = 7.3. 
iii. The double-bonded nitrogen in the histidine ring is basic. 
d. Cysteine and tyrosine are weakly acidic but are classified as neutral. 
Humans are able to synthesize only 11 of the 20 amino acids. 
a. These are nonessential amino acids. 
b. The 9 essential amino acids must be supplied in the diet. 


B. The Henderson-Hasselbalch equation and isoelectric points (Section 26.2). 


1. 


2. 


The Henderson-Hasselbalch equation. 
a. If we know the values of pH and pK;, we can calculate the percentages of 
protonated, neutral and deprotonated forms of an amino acid. 
b. If we do these calculations at several pH values, we can construct a titration 
curve for each amino acid. 
The isoelectric point (p/) is the pH at which an amino acid exists as a neutral, 
dipolar zwitterion. 
a. plis related to side chain structure. 
i. The 15 amino acids that are neutral have p/ near neutrality. 
ii. The two acidic amino acids have p/ at a lower pH. 
iii. The 3 basic amino acids have p/ at a higher pH. 
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For neutral amino acids, p/ is the average of the two pK; values. 
For acidic amino acids, p/ is the average of the two lowest pK; values. 
For basic amino acids, p/ is the average of the two highest pK, values. 
Proteins have an overall p/. 
lectrophoresis allows the separation of amino acids by differences in their p/. 
A buffered solution of amino acids is placed on a paper or gel. 
b. Electrodes are connected to the solution, and current is applied. 
c. Negatively charged amino acids migrate to the positive electrode, and positively 
charged amino acids migrate to the negative electrode. 
d. Amino acids can be separated because the extent of migration depends on pl. 
C. Synthesis of a-amino acids (Section 26.3). 
1. The Hell-Volhard-Zelinskii method and the phthalimide method. 
a. An a-bromo acid is produced from a carboxylic acid by a-bromination. 
b. Displacement of -Br by ammonia gives the o-amino acid. 
2. The amidomalonate synthesis. 
a. An alkyl halide reacts with the anion of diethyl amidomalonate. 
b. Hydrolysis of the adduct yields the a-amino acid. 
3. Reductive amination. 
a. Reductive amination of an a-keto carboxylic acid gives an a-amino acid. 
b. This method is related to the biosynthetic pathway for synthesis of amino acids. 
4. All of the methods listed above produce a racemic mixture of amino acids. 
D. Enantioselective synthesis of amino acids. 
1. Resolution of racemic mixtures: 
a. The mixture can react with a chiral reagent, followed by separation of the 
diastereomers and reconversion to amino acids. 
b. Enzymes selectively catalyze reactions that form one of the enantiomers, but not 
the other. 
2. Enantioselective synthesis. 
a. Enantioselective hydrogenation of Z-enamido acids produces chiral o-amino 
acids. 
b. The most effective catalysts are complexes of rhodium (I), cyclooctadiene and a 
chiral diphosphine. 
II. Peptides (Sections 26.4—26.8). 
A. Peptide structure (Section 26.4). 
1. Peptide bonds. 
a. A peptide is an amino acid polymer in which the amine group of one amino acid 
forms an amide bond with the carboxylic acid group of a second amino acid. 
b. The sequence of -N-CH-CO- is known as the backbone of the peptide or 
protein. 
c. Rotation about the amide bond is restricted. 
The N-terminal amino acid of the polypeptide is always drawn on the left. 
The C-terminal amino acid of the polypeptide is always drawn on the right. 
Peptide structure is described by using three-letter codes, or one-letter codes, for 
the individual amino acids, starting with the N-terminal amino acid on the left. 
Disulfide bonds. 
a. Two cysteines can form a disulfide bond ( -S-S-). 
b. Disulfide bonds can link two polypeptides or introduce a loop within a 
polypeptide chain. 


3. 


р шопо с 


Nn AUN 
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B. Structure determination of peptides (Sections 26.5—26.6). 
1. Amino acid analysis (Section 26.5). 


a. 


b. 
Cy 


d. 
е. 


Amino acid analysis provides the identity and amount of each amino acid 

present in a protein or peptide. 

First, all disulfide bonds are reduced and all peptide bonds are hydrolyzed. 

The mixture is placed on a chromatography column, and the residues are eluted. 

1. As each amino acid elutes, it undergoes reaction with ninhydrin, which 
produces a purple color that is detected and measured 
spectrophotometrically. 

Alternatively, the mixture can be analyzed by HPLC. 

Amino acid analysis is reproducible on properly maintained equipment; residues 

always elute at the same time, and only small sample sizes are needed. 


2. The Edman degradation (peptide sequencing) (Section 26.6). 


a. 


c. 


The Edman degradation removes one amino acid at a time from the -NH3 end 

of a peptide. 

i. The peptide is treated with phenylisothiocyanate (PITC), which reacts with 
the amino-terminal residue. 

ii. The PITC derivative is split from the peptide. 

ш. The residue undergoes acid-catalyzed rearrangement to a PTH, which is 
identified chromatographically. 

iv. The shortened chain undergoes another round of Edman degradation. 

Since the Edman degradation can only be used on peptides containing fewer 

than 50 amino acids, a protein must be cleaved into smaller fragments. 

i. Partial acid hydrolysis is unselective and therefore is of limited usefulness. 

ii. The enzyme trypsin cleaves proteins at the carboxyl side of Arg and Lys 
residues. 

iii. The enzyme chymotrypsin cleaves proteins at the carboxyl side of Phe, Tyr 
and Trp residues. 

The complete amino acid sequence of a protein results from determining the 

individual sequences of peptides and overlapping them. 


C. Synthesis of peptides (Sections 26.7—26.8). 
1. Laboratory synthesis of peptides (Section 26.7). 


a. 


Groups that are not involved in peptide bond formation are protected. 

1. Carboxyl groups are often protected as methyl or benzyl esters. 

ii. Amino groups are protected as Boc or Fmoc derivatives. 

The peptide bond is formed by coupling with DCC (dicyclohexylcarbodiimide). 
The protecting groups are removed. 

i. Boc groups are removed by brief treatment with trifluoroacetic acid. 

ii. Fmoc groups are removed by treatment with base. 

ш. Esters are removed by mild hydrolysis or by hydrogenolysis (benzyl). 


2. Automated peptide synthesis — Merrifield solid-phase method (Section 26.8). 


a. 


b. 
c. 


The carboxyl group of a Boc-protected amino acid is attached to a polystyrene 
resin by formation of an ester bond. 

The resin is washed with trifluoroacetic acid, and the Boc group is removed. 
A second Boc-protected amino acid is coupled to the first, and the resin is 
washed. 

The cycle (deprotecting, coupling, washing) is repeated as many times as 
needed. 

Finally, treatment with anhydrous HF removes the final Boc group and frees 
the polypeptide. 

Robotic peptide synthesizers have improved yield and preparation time. 
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III. Proteins (Section 26.9). 
A. Classification of proteins. 
1. Fibrous proteins consist of long, filamentous polypeptide chains. 
2. Globular proteins are compact and roughly spherical. 
B. Protein structure. 
1. Levels of protein structure. 


a. 
b. 


es 
d. 


Primary structure refers to the amino acid sequence of a protein. 

Secondary structure refers to the organization of segments of the peptide 
backbone into a regular pattern, such as a helix or sheet. 

Tertiary structure describes the overall three-dimensional shape of a protein. 
Quaternary structure describes how protein subunits aggregate into a larger 
structure. 


2. Examples of structural features. 


a. 


a-Helix. 
i. Ano-helix is a right-handed coil; each turn of the coil contains 3.6 amino 
acids. 


ii. The structure is stabilized by hydrogen bonds between amide N-H groups 
and C=O groups four residues away. 


p-Pleated sheet. 
1. Ina f-pleated sheet, hydrogen bonds occur between residues in adjacent 
chains. 


ii. In a f-pleated sheet, the peptide chain is extended, rather than coiled. 

Tertiary structure. 

i. The nonpolar amino acid side chains congregate in the center of a protein to 
avoid water. 

ii. The polar side chain residues are on the surface, where they can take part in 
hydrogen bonding and salt bridge formation. 

ш. Other important features of tertiary structure are disulfide bridges and 
hydrogen bonds between amino acid side chains. 


3. Denaturation of proteins. 


a. 


b. 
€. 


Modest changes in temperature and pH can disrupt a protein's tertiary structure. 
1. This process is known as denaturation. 

ii. Denaturation doesn't affect protein primary structure. 

Denaturation affects both physical and catalytic properties of proteins. 
Occasionally, spontaneous renaturation can occur. 


C. Enzymes (Sections 26.10—26.11). 
1. Description of enzymes and cofactors (Section 26.10). 


a. 
b. 


c. 


d. 


An enzyme is a substance (usually protein) that catalyzes a biochemical reaction. 

An enzyme is specific and usually catalyzes the reaction of only one substrate. 

1. Some enzymes, such as papain, can operate on a range of substrates. 

How enzymes function. 

i. Enzymes form an enzyme-substrate complex, within which the conversion 
to product takes place. 

п. Enzymes accelerate the rate of reaction by lowering the energy of the 
transition state. 

ш. The rate constant for the conversion of E'S to E + P is the turnover number. 

Enzymes are grouped into 6 classes according to the reactions they catalyze. 

i. Oxidoreductases catalyze oxidations and reductions. 

ii. Transferases catalyze the transfer of a group from one substrate to another. 

iii. Hydrolases catalyze hydrolysis reactions. 

iv. Lyases catalyze the addition or loss of a small molecule to or from a 
substrate. 

v. Isomerases catalyze isomerizations. 
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vi. Ligases catalyze bond formation between two molecules, often coupled with 
hydrolysis of ATP 

e. The name of an enzyme has two parts, ending with -ase. 
i. The first part identifies the substrate. 
ii. The second part identifies the enzyme's class. 

f. Most enzymes are globular proteins, and many consist of a protein portion 
(apoenzyme) and a cofactor. 
i. Cofactors may be small organic molecules (coenzymes) or inorganic ions. 
п. Many coenzymes are derived from vitamins. 

2. How enzymes work - citrate synthase (Section 26.11). 

a. Citrate synthase catalyzes the aldol-like addition of acetyl CoA to oxaloacetate to 
produce citrate. 

b. Functional groups in a cleft of the enzyme bind oxaloacetate. 

c. Functional groups in a second cleft bind acetyl CoA. 
i. The two reactants are now in close proximity. 


d Two enzyme amino acid residues generate the enol of acetyl CoA. 

e. The enol undergoes nucleophilic addition to the ketone carbonyl group of 
oxaloacetate. 

f. Two enzyme amino acid residues deprotonate the enol and protonate the 


carbonyl oxygen. 
g. Water hydrolyzes the thiol ester, releasing citrate and CoA. 


Solutions to Problems 


26.1 Amino Acids with aromatic rings: Phe, Tyr, Trp, His. 
Amino acids containing sulfur: Cys, Met. 
Amino acids that are alcohols: Ser, Thr (Tyr is a phenol.) 
Amino acids having hydrocarbon side chains: Ala, Ile, Leu, Val, Phe. 


26.2 
COH H 
"A = "0,0 — nn 
R R 


A Fischer projection of the a-carbon of an L-amino acid is pictured above. 


For most L-amino acids: For cysteine: 
Group Priority Group Priority 
-NH5 1 -NH2 1 
-COH 2 -CH5SH 2 
-R 3 -COH 3 
-H 4 -H 4 
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26.3 


26.4 


26.5 


26.6 


Chapter 26 
CO5H COH COH 
нм 5-н нм—®-н Н NH, 
H— oH но—®-н нон 
СНз СНз СНз 
L-Threonine Diastereomers of Threonine 


On the low pH (acidic) side of p/, a protein has a net positive charge, and on the high pH 
(basic) side of p/, a protein has a net negative charge. Thus, hemoglobin (p/ = 6.8) has a 
net positive charge at pH = 5.3 and a net negative charge at pH = 7.3. 


This method of amino acid synthesis is simple and uses methods we have already studied. 
The phthalimide synthesis can also be used to introduce the amino group. Remember that 
only racemic amino acids are produced by this method. 


(a) Br Мн» 
1. Bro, РВгз | | _ 
СвН5СН»СН»СО»Н ГЕТ CgH5CH5CHCO5H excess CgH5CH5CHCO5 
3-Phenylpropanoic acid Phenylalanine 
(b) Br NH» 
1. Bro, PBrg | NH3 Е 
(CHggCHCH;COSH 5 S НО (CHg)2CHCHCOZH сузсез” (CH3)2CHCHCO3 
3-Methylbutanoic acid Valine 
s O—Et OH 
COSEt Охх Ono + 2 Et0H 
1. Na* СОЕ! | o* | 
H—C —CO5Et R—C—+COsEt ———- R—-C—H + CO 
2 |! 2 heat |+ 2 
N; СНз yoo aeta түш + СНнзСО»Н 
|| ‘Il H 
О 


In the amidomalonate synthesis, shown above, an alkyl halide RX is converted to 
RCH(NH3*)CO>H. Choose an alkyl halide that completes the structure of the target amino 
acid. 


Amino Acid Halide 
(a) мні? 
(CH3)p>CHCHaCHCO, - (СНз)>СНСН»Вг 


Leucine 
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Amino Acid Halide 


(b) NHs* 


\ У—сңенсол io 


Histidine 
С 
(c) NH3* 
CHCHCO> - CHBr 


N N 
N, N 
H H 
Tryptophan 
d 

(d) NH3* 

CH4SCH5CH5CHCO» - CH4SCH5CH5Br 
Methionine 


26.7 The precursor to an amino acid prepared by enantioselective hydrogenation has a Z double 
bond conjugated with a carboxylic acid carbonyl group. 


|j yg 
. + — N/ 
Hi c 26 DE. eR S aee Ow ere 
К ¢ OH 2. NaOH, НО Ee MD. 
HC H NHCOCH3 HgaCH  HNH2 
Leucine 


26.8  Val-Tyr-Gly (VYG) Tyr-Gly-Val (ҮСҮ) Gly-Val-Tyr (GVY) 
Val-Gly-Tyr (VGY) Tyr-Val-Gly (YVG) Gly-Tyr-Val (GYV) 


26.9 The N-terminal group is on the right, and the C-terminal group is on the left. 


Meech H О нн 
НС by ум бу e 
мом x MA x ИМ — А 
N-terminal Pu n ` P ÁN CO2 C-terminal 
\ Н 
HN 2С О M CHCH)» 
А 
/ 
Chige Chacha. Н ---- amide bonds 
Met——Pro Val Gly 
M Р ————_-V —— G 
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26.10 


CO, COH 
+ + 
H3NCHCH2SH + ICHo2CO5H ——ÀÁÓ- H3NCHCH5S = CH5CO5H + 


The cysteine sulfur is a good nucleophile, and iodide is a good leaving group. 


26.11 One product of the reaction of an amino acid with ninhydrin is the extensively conjugated 
purple ninhydrin product. The other major product is the aldehyde derived from the side 
chain of the amino acid. When valine reacts, the resulting aldehyde is 2-methylpropanal. 
The other products are carbon dioxide and water. The identity of the aldehyde is 
determined by the amino acid side chain. 


O 
+NH3 


i | "OH 
2 + (СНз) СНСНСОр === N 
OH "am 


О о О 
(CHgjCHCH + СО; + З НО 


26.12 Trypsin cleaves peptide bonds at the carboxyl (right) side of lysine and arginine. 
Chymotrypsin cleaves peptide bonds at the carboxyl side of phenylalanine, tyrosine and 
tryptophan. 


Trypsin : 
Asp-Arg + Val-Tyr-Ile-His-Pro-Phe 


Asp-Arg- Val-Tyr-Ile-His-Pro-Phe 
hymotrypsi 
CDU peut Asp-Arg-Val-Tyr + Ile-His-Pro-Phe 


26.13 The part of the PTH derivative that lies to the right of the indicated dotted lines comes from 
the N-terminal residue. Complete the structure to identify the amino acid, which in this 
problem is methionine. 


Ces Nd Р 
N+C 
/ P \ - - CHoCH2SCH3 — - O9CCH — CH2CH2SCH3 + CgH5N =C=S 
S aC’ CN | 
a H +NH3 
H Methionine 


26.14 The N-terminal residue of angiotensin II is aspartic acid. Replace ће -R group of the PTH 
derivative in Figure 26.4 with -СНСО»Н to arrive at the correct structure. 
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26.15 Line up the fragments so that the amino acids overlap. 


(a) Arg-Pro (b) V-M-W 
Pro-Leu-Gly W-N-V 
Gly-Tle-Val V-L 
The complete sequence: The complete sequence: 
Arg-Pro-Leu-Gly-Ile- Val V-M-W-N-V-L 
26.16 
9 Ө: | 0 А: Ө: 
(CH3)gCO — C—O — C— OC(CH4) == | (СНз)зСО— 9-0 C— OC(CH3)s 
nucleophilic HNGHRCO,H 
HoNCHRCO2H ишо 
amino acid H 
nitrogen EtgN:.. À n deprotonation 
О 
Il Е Sat ii 
tert-butoxide 
26.17 
ÇH2CH(CHa)2 R R = CH2CH(CH3)2 
+ + 
Leu = НзМСНСО» - = H3NCHCO> | 


1. Protect the amino group of leucine. 


| ü T 
Et4N 
(СНз) СОСОСОС(СНз)з + HaNCHCO; ——> (CH3JCOCNHCHCO;- 
Leu + CO, + НОС(СНз)з 
2. Protect the carboxylic acid group of alanine. 
CH CHs 
+ 
B + CHOH аус" "2NCHCO2CH 
a 
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3. Couple the protected amino acids with DCC. 


О О 
(Cg; cOGNHCHCO, * сл e d d 
R CH3 
n q q NH— 0: МН 
(Сна)зСосмнснс — NHCHCOCH, - 9 
R СНз 


4. Remove the leucine protecting group. 


О q q O O 
[ | | CF4CO;H + |l Д 
(CHg)gCOCNHCHC — NHGHCOCHs === HgNCHC—NHCHCOCH; 
R CH3 R CH3 
+ (CH3)2C = СН» + СО» 
5. Remove the alanine protecting group. 
О О 
+ dl Il 1. NaOH, НО + || [ 
НЗМСНС — МНСНСОСНз ——————=>_ HgNCHC—NHCHCOH + CH3OH 
| | H30 
R CH3 (CH3);CHCH5 СНз 
Leu Ala 
26.18 (a) Pyruvate decarboxylase is a lyase. 
(b) Chymotrypsin is a hydrolase. 
(c) Alcohol dehydrogenase is an oxidoreductase. 
Visualizing Chemistry 
26.19 
(a) (b) - © + 
НМ CO нз H H H 
TW ee NR 
/ ` " LY C C NH» 
E CN C H ee d 
H3N~ ~CO5 м “у a 4s. || 
\ H H o 
Isoleucine N . Histidine Glutamine 
H 
26.20 
NH3 
H A О CH5CO5 
+ II / | I | 
Нам C C N C 
N-terminal ° `с7 ^N Es TET id C-terminal 
: H CH 
H CH5SH хами 
Суѕ Lys Ala Asp 


С ——K — A — D 
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26.21 


26.22 It's possible to identify this representation of valine as the D enantiomer by noting the 


configuration at the chirality center. The configuration is R, and thus the structure is D- 
valine. 


9250 , CH(CH3)e D-Valine 
A\ (R)-Valine 
H3N H 
+ 


26.23 After identifying the amino acid residues, notice that the tetrapeptide has been drawn with 
the amino terminal residue on the right. To name the sequence correctly, the amino terminal 
residue must be cited first. Thus, the tetrapeptide should be named Ser-Leu-Phe-Ala. 


H 
, п | v || 
HI ©з. NX bod у: -C M we ~i a CH20H 
H H о H н №; 
Ala Phe Leu Ser 
A F L S 


Additional Problems 
Amino Acid Structures and Chirality 


26.24 Both (R)-serine and (R)-alanine are D-amino acids. In a D-amino acid, ће -NH» group is 


on the right. 
CO” COS 
H a NH3* H 2 NH3* 
CH20H CH3 


(R)-Serine (R)-Alanine 
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26.25 


COs А 


3 1 
аа H TOC Jn R 
CHBr a CHBr 
2 


L-Bromoalanine 
(R)-Bromoalanine 


This L "amino acid" also has an R configuration because the -CH2Br “side chain” is higher 
in priority than the —СО»Н group. 


26.26 


26.27 


a zc (b c 
(а) CH2ÇHCO}2 (0) сњ ©) 
\ + NH3 ОВОМЕ ноор: ога 


+ + 


NH3 NH3 


N 
H 
Tryptophan (Trp) Isoleucine (Ile) Cysteine (Cys) 


(d) 


N 
DE 


bs * NHs 
H 
Histidine (His) 
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26.28 
\ О, \\ 
C — OH —D C—O 
— H* _ H* 
== 
+ c + =— 
М Kay NH» Kao NH 
НА? НА AC 
protonated neutral deprotonated 
At pH = 2.50: 
log НА = pH - рка = 2.50 - 1.99 = 0.51; HA = 3.24 
[H2A*| [H2A*| 


At pH = 2.50, approximately three times as many proline molecules exist in the neutral 
form as exist in the protonated form. 


At pH = 9.70: 
[a] Е _ dA] _ 
log НАЈ = pH - рК = 9.70 - 10.60 = - 0.90; НАЈ = 0.126 


At pH = 9.70, the ratio of deprotonated proline to neutral proline is approximately 1:8. 


26.29 (a) Val-Leu-Ser V-L-S Ser-Val-Leu S-V-L 

Val-Ser-Leu V-S-L Leu-Val-Ser L-V-S 

Ser-Leu- Val S-L-V Leu-Ser- Val L-S-V 
(b) Ser-Leu-Leu-Pro S-L-L-P Leu-Leu-Ser-Pro L-L-S-P 
Ser-Leu-Pro-Leu S-L-P-L Leu-Leu-Pro-Ser | L-L-P-S 
Ser-Pro-Leu-Leu S-P-L-L Leu-Ser-Leu-Pro L-S-L-P 
Pro-Leu-Leu-Ser | P-L-L-S Leu-Ser-Pro-Leu L-S-P-L 
Pro-Leu-Ser-Leu P-L-S-L Leu-Pro-Leu-Ser | L-P-L-S 
Pro-Ser-Leu-Leu P-S-L-L Leu-Pro-Ser-Leu L-P-S-L 


26.30 Aldehydes and ketones can undergo nucleophilic addition reactions. In particular, 
aldehydes and ketones can react with amines to form imines and enamines, reactions that 
might compete with formation of amide bonds between amino acids. Because of this 
reactivity, aldehydes and ketones are unlikely to be found in amino acid side chains. 
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Amino Acid Synthesis and Reactions 


26.31 The diethylamidomalonate anion is formed by treating diethylamidomalonate with sodium 
ethoxide. Choose the appropriate halide based on the amino acid side chain. 


(à г сок: 7 СОЕ! 
_.| (СНз)рСНСН»әВг | 
М CH N CH 
H AT NR 3 H М c^ 3 
I || 
L а O 
H30* 


CH3CO5H + СО» + 2 EtOH + (СНз)>әСНСН»СНСО»Н Leucine 


NH3 
(b) Г ÇO2Et 7 COSE! 
~?C—COsEt CH Br елаз 
+ 
М CH 
gs ^ €Hs BN S н: ^g" 3 
[| 
L J N N O 
H H 
| но 
СН»5СНСО»Н 


| 
\ + NH3 
CH3CO5H + СО» + 2 EtOH + 
М 


p? Tryptophan 


26.32 
a 
и MNT Ye 
CH4SCH5CH5CCO5H ELIT CH3SCH5CH5CHCO5H 
абга 
Methionine 
(b) HaÇ е " HaÇ Ho 
CH3CHoCHCCOSH | ——3-»  CH3CH5CHCHCOSH 
NaBH, 
Isoleucine 
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26.33 
(a) О 
` [ 
C — OH H 
3 SS 
= 1. Н, [Rh(DIPAMP)(COD)* ВЕ," O 
——. n> 
NCOCH3 2. NaOH, НО NH Proline 
. "o 1. Ho, [RNDiPAMP)(CODJI* BF4- : Mw 
3 | 2. NaOH, H2O 3 ; 
NHCOCHg3 HNH, Valine 
26.34 
i | _ 
С СО»Е! СО»Е! 
H^ ^u E | 2 E | 2 н.о? 
yee — CH eot ——M- ыа ove 
N CH N CH *NH 
A NS t NS NM HS 3 
H Г H 7 Serine 
О L O | + CH3gCOH 
+ СО» + 2 EtOH 
26.35 
S CHe)sSCHCHCO,- 80209. сн, CHCHCOSCH;CH 
————— 
(CH3)o | 2 Н* catalyst (CH3)o | 2CH2CH3 
* NH3 * NH3 
Valine 
(b) 
ll 
___— (CH9)gCOCOCOC(CHg)s Z 
sea PICO ^T^ NENS o7 (бнаренснеед + HOC(CHg3)3 
* NHs NHGOC(CHa)s + CO, 
О 
e) _ кон, но _ 
(Оаа рио ———- (сна)гсноноо» Kt + HO 
* NH3 МН 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in рагі. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


748 Chapter 26 


(d) 
(CHg9CHCHCO;" 


* NH3 


1. CH3COCI, pyridine 
MM SS 


CH3)sCHCHCO.” 
2. но i ede 


NHCCH3 


OH 
OH — H50 = 
Өн, 2. NH2CHCO; 
\ \ А 
O O 


H»NCHCO>H O i 
i 
О 


+Он» 
+ — 
NHCHCO, === < 
4. - 
| NHOHCO; 
R 


О + H20 О 


26.36 


Step 1: Dehydration. 


Step 2: Nucleophilic addition of the amino group of the amino acid. 
Step 3: Proton transfer. 


Step 4: Loss of water. 


(b) 
r O 


Decarboxylation produces a different imine. 
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(c) 


[ О H20: O 
a ae | 
e drm) T 9 NH — CHR 
:О 


o 


Step 1: Addition of water. 
Step 2: Proton transfer. 
Step 3: Bond cleavage to yield an aldehyde and an amine. 


(d) 
r O О 


В 
N 


o7 O + но L :0:- 


Step 1: Addition of the amine to a carbonyl carbon of a second ninhydrin molecule. 
Step 2: Proton shift. 
Step 3: Loss of water to form the purple anion. 


Notice that the amino nitrogen is all that remains of the original amino acid. 
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26.37 


It is also possible to draw many other resonance forms that involve the z electrons of the 
aromatic 6-membered rings. 
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Peptides and Enzymes 


26.38 


(b) HaC, |CH2CHs 


Р ——5——E —P — T — ID ———E 
Glu — P ro ————Thr Glu 


26.39 


The tripeptide is cyclic. Leu £X 


4 


N / 
Ala —Phe Phe— Ala 
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26.40 
Step 1: Valine is protected as its Boc derivative. 


оо 
Д EtaN 
(СНз)зСОСОСОС(СНз)з + Ма ———- (СНз)зСОС —Val—OH 
(Boc — Val — OH) 


Step 2: Boc- Val bonds to the polymer in an Sy2 reaction. 


B 
Boc—Val—OH + CICH — (Poymer) ene Boc —Val OCH, ~(Foiymer 


Step 3: The polymer is first washed, then is treated with CF;CO,H to cleave the Boc 
group. 


1. wash 
Boc—Val—OCH, ~(Foiymer 2. CFaCO.H - vai OCH; ~(Foymer 
: зма 


Step 4: А Boc-protected Ala is coupled to ће polymer-bound valine by reaction with 
DCC. The polymer is washed. 


1. DCC 
Boc—Ala + Val— OCH» (Polymer — — À» Boc— Ala уа 0CH;— (Polymer) 
2. wash 


Step 5: The polymer is treated with CF;CO,H to remove Boc. 


CF4CO5H 
Boc—Ala — Val — OCH — ——— —- Ala — Val — OCH») 


Step 6: A Boc-protected Phe is coupled to the polymer by reaction with DCC. The 
polymer is washed. 


1. DCC 
Boc—Phe + Ala —Val — ОСН = 
2. wash 
Boc — Phe Ala — Val OCH;— (Poymer) 


Step 7: Treatment with anhydrous HF removes the Boc group and cleaves the ester 
bond between the peptide and the polymer. 


HF 
Boc—Phe—Ala — Val— OCH5— (Polymer — 
Phe—Ala—Val + (CH}C=CH> + СО; + HOCH; — (Former) 
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26.41 
; PITC i : 2 
Peptide з Phenylthiohydantoin + Shortened Peptide 
(a) 
CgHs | 7 CH 
Ile-Leu-Pro-Phe NCC ï? Leu-Pro-Phe 
I—L—P—F ed. б; CHCH2CHg L—P—F 
Soe 
H 
(b) 
CgHs5 E yy 
Asp-Thr-Ser-Gly-Ala N—C Thr-Ser-Gly-Ala 
DTSGA eg. ye CH2COH Ts 
STU NUN 
N H 
| 
H 


26.42 


Phe Leu—Met—Lys -Tyr $ Asp—Gly—Gly — Arg -- Val— Ile — Pro — Туг 
Cleaved by trypsin = ---- 
Cleaved by chymotrypsin = ^v 


26.43 (a) Hydrolases catalyze the cleavage of bonds by addition of water (hydrolysis). 
(b) Lyases catalyze the elimination of a small molecule (H20, CO») from a molecule 
(c) Transferases catalyze the transfer of a functional group between substrates. 


26.44 Amino acids with polar side chains are likely to be found on the outside of a globular 
protein, where they can form hydrogen bonds with water and with each other. Amino 
acids with nonpolar side chains are found on the inside of a globular protein, where they 
can avoid water. Thus, aspartic acid (b) and lysine (d) are found on the outside of a 


globular protein, and valine (a) and phenylalanine (c) are likely to be found on the inside. 
Refer to Table 26.1. 
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26.45 
id CH 
3 
o А @ 
NH о u Q NH 
N Й N N ^ Џ 
H i ! 
О H о "t 
NH 
Leuprolide PT 
HN МН 
Glu—— His Trp Ser——Tyr—Leu Leu——Arg——Pro—NHEt 
E H W ——_sS — Y— L —L —— R ———P —NHEt 


(a) The N-terminal glutamic acid is a cyclic lactam. The C-terminal proline is an N-ethyl 
amide. 

(b) One of the leucines (indicated above) has D stereochemistry. 

(c) See above. 

(d) The charge on a peptide is due to the side chains. According to Table 26.1, the only 
side chain that is charged at neutral pH is arginine. Thus, leuprolide has a charge of +1 at 
neutral pH. 


General Problems 


26.46 A proline residue in a polypeptide chain interrupts o-helix formation because the amide 
nitrogen of proline has no hydrogen that can contribute to the hydrogen-bonded structure 
of an o-helix. 


26.47 
Formation of cation: 


+ 


0-904, Са eno, -—— — H3C — O— CH» SnCls 


Electrophilic aromatic substitution: 


Бе y IB В 
(Nt diii 
Hal =OQCH3 — == CH,0CH3 
SnClg- CH20CH3 


Protonation of the ether oxygen, followed by displacement of methanol by СІ. 


cr BU " 
44 Sedis — СП — СВЕ 
H 


- Ilr J + HOCH 
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exact, of 
| 


26.48 


Step 1: NaOH brings about elimination of the carboxylated peptide. 
Step 2: Loss of СО». 


The Fmoc group is acidic because the Fmoc anion is similar to the cyclopentadienyl anion, 
which is resonance-stabilized and is aromatic. 


26.49 

(a) 5 : "DI І 

|| || 

—NHCH—C— ——= |—NHou—6— —»|—NHCH-c— |в 
ie | ie 

CH» —S —CHs CHa 8 —0Hs CHa—8—0Hs 

R C С 

"+ a GTIN 

-N=C—Br: DN Br III 

:NÆC—Br: | A i | | М | 


The first step is a substitution similar to the nucleophilic acyl substitution reactions that we 
studied in Chapter 21. 
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(b) О | 


2: || 
den -c Lince i- ——- мнен = мнснс T 


СН» :O: R' НС O R' 


Internal 52 displacement of sulfide results in formation of a 5-membered ring containing 
an iminium group. 


+ 
(c) 
H20: :OH O 
ЖО SINN 
AGH ram [унн LE NICH x e 
CN Г R' addition FO e R' i 
of water proton 
H2C HC | transfer 
+ “> 
О :OH O 
2H [ ee cs 
—NHOH-SC dr IHONCHO а NHGH—C Hae 
Hag. 2 А breaking of ак е, R' 
НС peptide bond НС 
lactone 


In this sequence of steps, water adds to the imine double bond, and the peptide bond is 


cleaved. 
в: `H 
+ 
( но Í Kou <o: 
мнн с NHCH—C^ NHCH—C^ NHCH—C 
| | | =” Cc + <— | 
нс О " нс о Нс NOH . НС OH 
M / addition N ^ proton М ^* ring pos o 
2С of water H2 transfer 2 opening 2 
R \ 
+ |l 
Hcc -$ + Nu -c 
R НС OH 
from (c) СНОН 


Water opens the lactone ring to give the product shown. 
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26.50 
E z 
e :О: oL6 О 
| \ 7 || 
pr Lo <— pO E JR ш LR «-— С... R 
R CO, N, 
o H ‘OH | | 
: + H 
ANg E СО» + "OH 
H R' г 
26.51 
+ “ж 
NH н NH» NH» NH» NH» 
|| == || <> | <—> | A <> | 
C 


== CLs wx CL а + "s й С. -Ox m 
HjN^ ^NHR [HN ^NHR HNŽ ^NHR HN "NHR нм АНА 


The protonated guanidino group can be stabilized by resonance. 


26.52 100 g of cytochrome c contains 0.43 g iron, or 0.0077 mol Fe: 


] mol Fe 
0.43 g F —.—— = 0.00 ТЕ 
g dE во 0.0077 mol Fe 


Assuming that each mole of protein contains 1 mol Fe, then mol Fe = mol protein. 


100 g Cytochrome c _ 13,000 g Cytochrome c 


0.0077 mol Fe 1 mol Fe 


Cytochrome c has a minimum molecular weight of 13,000 g/ mol. 


26.53 'H NMR shows that the two methyl groups of N,N-dimethylformamide are nonequivalent 
at room temperature. If rotation around the CO-N bond were unrestricted, the methyl 
groups would be interconvertible, and their IH NMR absorptions would coalesce into a 


single signal. 


a) HaC О b) HaC О 

(а) З p e rotate 2 3 b e 
= —— —— 

/ у. UE — / N 

(b) HgC H (а) HgC H 


The presence of two methyl absorptions shows that there is a barrier to rotation around the 
CO-N bond. This barrier is due to the partial double-bond character of the CO-N bond, as 
indicated by the two resonance forms below. Rotation to interconvert the two methyl 
groups is slow at room temperature, but heating to 180? supplies enough energy to allow 
rapid rotation and to cause the two NMR absorptions to merge. 


Pinus g O: Нс 103 


/ 
H3C H НЗС H 
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26.54 Gly 
Gly-Asp-Phe-Pro 
Phe-Pro- Val 
Val-Pro-Leu 


The complete sequence: 


Gly-Gly-Asp-Phe-Pro- Val-Pro-Leu 


26.55 
id 
le 
Val 
сш S 
| | 

Gln-Cys-Cys-Thr-S е 

S 

l S—S 

Ў | 
ПЕ шу йыр s-LeuVal-Ght-Ala-Leu-TyesLeu-Val-Cys 
Glu Gly 
ш Glu 

| 
Val Ar 
RAR | E 18 = 
Phe ThrrLy s-Pro-Thr Ty PhegPhe- C 
Cleaved by Trypsin = ---- 


Cleaved by Chymotrypsin = ww 


26.56 Ser—He—Arg—Val-Val—Pro—Tyr—Leu—Arg 
26.57 
Reduced oxytocin: Cys—Tyr—Ile—Gln—Asn—Cys—Pro—Leu—Gly—NH, 
Oxidized oxytocin: Seen oro H, 
| 
S$ —______——_& 


The C-terminal end of oxytocin is actually an amide, but this can't be determined from the 
information given. 
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26.58 
(a) (b) 

O O 
i ete ў |. Мә 

HoN. „С „С LOCH, HN. 2С. „С LOCH, 

а | d ay | Д 
H CHH О ШОНЕН. 2:0 
CO5H СО» 
Aspartame (nonzwitterionic form) Aspartame at pH = 5.9, 7.3 


At pH = 7.3, aspartame exists in the zwitterionic form, as it does at pH = 5.9. 


26.59 
= H О + + = 
20: ie ey. уон н29: OH 
ee | oS X A 
== <== 
Ne SUR. I Mane See RS ee 
| ү Н | |. H | | Н 
C6H5 H CeHs H CeHs H | 
|| 3. 
Е . Е Я 
но) OH {СОН 
CgHg.M / OH CgH5. AN М 
65 6 er EN < NE 
I ï LL \ \ -— TUNE 
PS R 5 SUN „Сев 4. INTAN -C--R 
| он H ti H 
L H H СеН5 H J 
6 | OA 
Е d MORE MA s + H,0* 
( CgH Bp 
Сен Сон; 65, s CeHs О 
N—C7 OH == / 7 \ == Ne 
g А 7 520. „С-В 8 PAON „C~-R 
TUNSUCUASR N S N^ ~ 
У od ДИ. | H 
L H H | H 
Step 1: Protonation Step 2: Addition of water 
Step 3: Proton transfer. Step 4: Ring opening. 
Step 5: Bond rotation, addition of amine. Step 6: Proton transfer. 
Step 7: Loss of water Step 8: Deprotonation. 
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26.60 
H3C NH Т со 
3] | B transamination * || | | 
СНЗСНСНСНСОН + a-ketoacid = CHgCHsCHCCOzH + amino acid 
26.61 
H CHOH H CHOH 
А / 
О H О H 
м А 2 + N H 
| 40 --CHs / --CH 
мн п мн Enz 
Enz O Enz О | 
= 2t 


Г И 5 
5 "ene H „онгон s 
/ 
O но О i H 
N : N^. 
l| H A T 
N 3; N 
--СНз -- СНз 
HO 
4 мн п: №н- пг 
| Enz О j Enz O i5 | 
НО 
СН» 
S 
H 
N / 
--СНз 
МН -Enz 
Enz O 


4-Methylideneimidazol-5-one (MIO) 


Step 1: Nucleophilic addition of the amino group of the amino acid. 
Step 2: Proton transfer. 

Step 3: Elimination. 

Step 4: Elimination. 
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26.62 


HN Со, 


i 


Step 1: Nucleophilic addition of the amine to a-ketoglutarate. 


_ за + 
О: Coa н № 


OoC N CO 


ИА т 
н H 


ао АА 


Step 2: Loss of water. 


Step 3: Reduction by NADPH/H*. 


Oc 


Nt |* 
+ 
2 | TOC H н № 
/ 
М. NH? + — gu e PW PS " 
C ‘ane N ear 
| | 


H Saccharopine 
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Review Unit 10: Biomolecules I — 
Carbohydrates, Amino Acids, Peptides 


Major Topics Covered (with vocabulary): 


Monosaccharides: 

carbohydrate monosaccharide aldose ketose Fischer projection D,L sugars pyranose 
furanose anomer anomeric center a anomer В апотег mutarotation glycoside Koenigs- 
Knorr reaction aldonic acid alditol reducing sugar aldaric acid Kiliani-Fischer synthesis 
Wohl degradation fucose glucosamine galactosamine neuraminic acid 


Other sugars: 

disaccharide 1,4' link cellobiose maltose lactose sucrose polysaccharide cellulose 
amylose amylopectin glycogen glycal assembly method deoxy sugar amino sugar 
cell-surface carbohydrate hemagglutinin neuraminidase 


Amino acids: 

amino acid zwitterion amphoteric o-amino acid side chain isoelectric point (рд 
electrophoresis Henderson-Hasselbalch equation amidomalonate synthesis reductive amination 
resolution enantioselective synthesis 


Peptides: 

residue backbone N-terminal amino acid C-terminal amino acid disulfide link amino acid 
analysis Edman degradation phenylthiohydantoin trypsin chymotrypsin peptide synthesis 
protection Boc derivative Fmoc derivative DCC Merrifield solid-phase technique 


Proteins: 

simple protein conjugated protein primary structure secondary structure tertiary structure 
quaternary structure o-helix f-pleated sheet salt bridge prosthetic group enzyme cofactor 
apoenzyme holoenzyme coenzyme vitamin isomerase hydrolase ligase lyase 
oxidoreductase transferase denaturation 


Types of Problems: 
After studying these chapters, you should be able to: 


— Classify carbohydrates as aldoses, ketoses, D or L sugars, monosaccharides, or 
polysaccharides. 

— Draw monosaccharides as Fischer projections or chair conformations. 

— Predict the products of reactions of monosaccharides and disaccharides. 

— Deduce the structures of monosaccharides and disaccharides. 

— Formulate mechanisms for reactions involving carbohydrates. 


— Identify the common amino acids and draw them with correct stereochemistry in dipolar form. 
— Explain the acid-base behavior of amino acids. 

— Synthesize amino acids. 

— Draw the structure of simple peptides. 

— Deduce the structure of peptides and proteins. 

— Outline the synthesis of peptides. 

— Explain the classification of proteins and the levels of structure of proteins. 

— Draw structures of reaction products of amino acids and peptides. 
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Points to Remember: 


*  Aldohexoses, ketohexoses and aldopentoses can all exist in both pyranose forms and furanose 
forms. 


* А reaction that produces the same functional group at both ends of a monosaccharide halves the 
number of possible stereoisomers of the monosaccharide. 


* The reaction conditions that form a glycoside are different from those that form a polyether, 
even though both reactions, technically, form —OR bonds. 


* At physiological pH, the side chains of the amino acids aspartic acid and glutamic acid exist as 
anions, and the side chains of the amino acids lysine and arginine exist as cations. The 
imidazole ring of histidine exists as a mixture of protonated and neutral forms. 


* Since the amide backbone of a protein is neutral and uncharged, the isoelectric point of a 
protein or peptide is determined by the relative numbers of acidic and basic amino acid residues 
present in the peptide. 

* Та the Merrifield technique of protein synthesis, a protecting group isn't needed for the 
carboxyl group because it is attached to the polymer support. 


Self-Test: 


OH 
CH3 О ш 
+ 
CH,0 OH H3NCH2CH5CHSCHCOs 
n с 
Digitalose Ornithine 

(hydrolysis product of 

digitoxigenin, a heart 

medication) 


Digitalose (A) is related to which D-aldohexose? Provide a name for A, including the 


configuration at the anomeric carbon. Predict the products of the reaction of A with: (a) CH3OH, 
Н+ catalyst; (b) CH3I, Ag20. 


Vicianose (B) is a disaccharide associated with a natural product found in seeds. Treatment 
of B with CH3I and Ag5O, followed by hydrolysis, gives 2,3,4-tri-O-methyl-D-glucose and 
2,3,4-tri-O-methyl-L-arabinose. What is the structure of B? Is B a reducing sugar? 


Ornithine (C) is a nonstandard amino acid that occurs in metabolic processes. Which amino 
acid does it most closely resemble? Estimate pK, values and p/ for ornithine, and draw the major 
form present at pH = 2, pH = 6, and pH = 11. If ornithine were a component of proteins, how 
would it affect the tertiary structure of a protein? 
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Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln 
Porcine Dynorphin (D) 


Dynorphin (D)is a neuropeptide. Indicate the N-terminal end and the C-terminal end. Show 
the products of cleavage with: (a) trypsin; (b) chymotrypsin. Show the N-phenylthiohydantoin that 
results from treatment of D with phenyl isothiocyanate. Do you expect D to be an acidic, a neutral 
or a basic peptide? 

Kallidin (E) is a decapeptide that serves as a vasodilator. The composition of E is Arg? Gly 
Lys Phe» Pros Ser. The C-terminal residue is Arg. Partial acid hydrolysis yields the following 
fragments:  Pro-Gly-Phe, Lys—Arg—Pro, Pro-Phe-Arg, Pro-Pro-Gly, Phe-Ser-Pro 
What is the structure of E. 


Multiple choice: 


1. The enantiomer of a-D-glucopyranose is: 
(a) B-D-Glucopyranose (b) a-L-Glucopyranose (с) B-L-Glucopyranose (d) none of these 


2. All of the following reagents convert an aldose to an aldonic acid except: 
(a) dilute HNO; (b) Fehling's reagent (c) Benedict's reagent (4) aqueous Br; 


3. Which two aldoses yield D-lyxose after Wohl degradation? 
(a) D-Glucose and D-Mannose (b) D-Erythrose and D-Threose (c) D-Galactose and 
D-Altrose (d) D-Galactose and D-Talose 


4.  Allofthe following disaccharides are reducing sugars except: 
(a) Cellobiose (b) Sucrose (с) Maltose (d) Lactose 


5. Which of the following polysaccharides contains p-glycosidic bonds? 
(a) Amylose (b) Amylopectin (c) Cellulose (d) Glycogen 


6. To find the p/ of an acidic amino acid: 
(a) find the average of the two lowest pK, values (b) find the average of the two highest 
рКа values (c) find the average of all pK, values (d) use the value of the pK; of the side 
chain. 


7. Which of the following techniques can synthesize a single enantiomer of an amino acid? 
(a) Hell- Volhard-Zelinskii reaction (b) reductive amination (c) amidomalonate synthesis 
(d) hydrogenation of a Z enamido acid 


8. The purple product that results from the reaction of ninhydrin with an amino acid contains 
which group of the amino acid? 
(а) the amino group (b) the amino nitrogen (с) the carboxylic acid group (d) the side chain 


9. Which of the following reagents is not used in peptide synthesis? 
(a) Phenylthiohydantoin (b) Di-tert-butyl dicarbonate (c) Benzyl alcohol 
(d) Dicyclohexylcarbodiimide 


10. Which structural element is not present in myoglobin? 
(а) a prosthetic group (b) regions of a-helix (c) hydrophobic regions (d) quaternary 
structure 
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Chapter 27 — Biomolecules: Lipids 


Chapter Outline 


I. Esters (Sections 27.1—27.3). 
A. Waxes, fats and oils (Section 27.1). 


1. 
2: 


Waxes are esters of long-chain carboxylic acids with long-chain alcohols. 
Fats and oils are triacylglycerols. 

a. Hydrolysis of a fat yields glycerol and three fatty acids. 

b. The fatty acids need not be the same. 


. Fatty acids. 


a. Fatty acids аге even-numbered, unbranched long-chain (C12—C20) carboxylic 
acids. 

b. The most abundant saturated fatty acids are palmitic (C16) and stearic (Сз) 
acids. 

c. The most abundant unsaturated fatty acids are oleic and linoleic acids (both 
Cig). 
i. Linoleic and arachidonic acids are polyunsaturated fatty acids. 

d. Unsaturated fatty acids are lower-melting than saturated fatty acids because the 
double bonds keep molecules from packing closely. 

e. The C=C bonds can be catalytically hydrogenated to produce higher-melting 
fats. 
i. Occasionally, cis-trans bond isomerization takes place. 


B. ы: (Section 27.2). 


. Soap is a mixture of the sodium and potassium salts of fatty acids produced by 
hydrolysis (saponification) of animal fat. 


. Soap acts as a cleanser because the two ends of a soap molecule are different. 


a. The hydrophilic carboxylate end dissolves in water. 

b. The hydrophobic hydrocarbon tails solubilize greasy dirt. 

c. In water, the hydrocarbon tails aggregate into spherical clusters (micelles), in 
which greasy dirt can accumulate in the interior. 

Soaps can form scum when a fatty acid anion encounters Mg^* or Ca?* cations. 

a. This problem is circumvented by detergents, which don't form insoluble metal 
salts. 


C. Phospholipids (Section 27.3). 


1. 


2 


3. 


Glycerophospholipids. 
a. Glycerophospholipids consist of glycerol, two fatty acids (at C1 and C2 of 
glycerol), and a phosphate group bonded to an amino alcohol at C3 of glycerol. 


Sphingomyelins. 
a. Sphingomyelins have sphingosine or a related dihydroxyamine as their 
backbone. 


b. They are abundant in brain and nerve tissue. 

Phospholipids comprise the major lipids in cell membranes. 

a. The phospholipid molecules are organized into a lipid bilayer, which has polar 
groups on the inside and outside, and nonpolar tails in the middle. 


II. Prostaglandins and other eicosanoids (Section 27.4). 
A. Prostaglandins. 


1. 
2: 
3. 


Prostaglandins are C»o lipids that contain a Cs ring and two side chains. 
Prostaglandins are present in small amounts in all body tissues and fluids. 
Prostaglandins have many effects: they lower blood pressure, affect blood platelet 
aggregation, affect kidney function and stimulate uterine contractions. 
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B. Eicosanoids. 
1. Prostaglandins, thromboxanes, and leukotrienes make up the eicosanoid class of 
compounds. 
2. Eicosanoids are named by their ring system, substitution pattern and number of 
double bonds. 
3. Eicosanoids are biosynthesized from arachidonic acid, which is synthesized from 
linoleic acid. 
a. The transformation from arachidonic acid is catalyzed by the cyclooxygenase 
(COX) enzyme. 
b. One form of the COX enzyme catalyzes the usual functions, and a second form 
produces additional prostaglandin as a result of inflammation. 
III. Terpenoids (Section 27.5). 
A. Facts about terpenoids. 
1. Terpenoids occur as essential oils in lipid extractions of plants. 
2. Terpenoids are small organic molecules with diverse structures. 
3. All terpenoids are structurally related. 
a. Terpenoids arise from head-to-tail bonding of isopentenyl diphosphate units. 
b. Carbon 1 is the head, and carbon 4 is the tail. 
4. Terpenoids are classified by the number of five-carbon multiples they contain. 
a. Monoterpenoids are synthesized from two five-carbon units. 
b. Sesquiterpenoids are synthesized from three five-carbon units. 
c. Larger terpenoids occur in both animals and plants. 
B. Biosynthesis of terpenoids. 
]. Nature uses the isoprene equivalent isopentenyl diphosphate (IPP) to synthesize 
terpenoids. 
a. IPP is biosynthesized by two routes that depend on the organism and the 
structure of the terpenoid. 
i. The mevalonate pathway produces sesquiterpenoids and triterpenoids in 
most animals and plants. 
п. The 1-deoxyxylulose 5-phosphate pathway gives monoterpenoids, 
diterpenoids, and tetraterpenoids. 
2. The mevalonate pathway. 
a. Acetyl CoA undergoes Claisen condensation to form acetoacetyl CoA. 
b. Another acetyl CoA undergoes an aldol-like addition to acetoacetyl CoA to give 
(35)-3-hydroxy-3-methylglutaryl CoA (HMG-CoA). 
c. HMG CoA is reduced by NADPH, yielding (R)-mevalonate. 
d. Phosphorylation and decarboxylation convert (R)-mevalonate to IPP. 
3. Conversion of IPP to terpenoids. 
a. IPP is isomerized to dimethylallyl diphosphate (DMAPP) by a carbocation 
pathway. 
b. The C=C bond of IPP displaces ће РРО group of dimethallyl diphosphate, to 
form geranyl diphosphate (GPP), the precursor to all monoterpenoids. 
c. Geranyl diphosphate reacts with IPP to yield farnesyl diphosphate (FPP), the 
precursor to sesquiterpenoids. 
d. GPP is isomerized and cyclizes on the way to yielding many monoterpenoids. 
IV. Steroids (Sections 27.6-27.7). 
A. Steroids are derived from the triterpenoid lanosterol. 
1. Steroids have a tetracyclic fused ring system, whose rings are designated A, B, C, 
and D. 
2. The three six-membered rings adopt chair geometry and do not undergo ring-flips. 
B. Stereochemistry of steroids (Section 27.6). 
1. Two cyclohexane rings can be joined either cis or trans. 
a. Ina trans-fused ring, the groups at the ring junction are trans. 
b. Incis-fused rings, the groups at the ring junction are cis. 
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c. Cis ring fusions usually occur between rings A and B. 


. In both kinds of ring fusions, the angular methyl groups usually protrude above the 


rings. 

Steroids with А-В trans fusions are more common. 
Substituents can be either axial or equatorial. 

a. Equatorial substituents are more favorable for steric reasons. 


C. Types of steroid hormones. 


1. 


2; 


95 


Sex hormones. 

a. Androgens (testosterone, androsterone) are male sex hormones. 

b. Estrogens (estrone, estradiol) and progestins are female sex hormones. 

Adrenocortical hormones. 

a. Mineralocorticoids (aldosterone) regulate cellular Na* and K* balance. 

b. Glucocorticoids (hydrocortisone) regulate glucose metabolism and control 
inflammation. 

Synthetic steroids. 

a. Oral contraceptives and anabolic steroids are examples of synthetic steroids. 


D. Biosynthesis of steroids (Section 27.7). 


I. 
2 


3. 
4. 


27.1 


АП steroids are biosynthesized from lanosterol. 

Lanosterol is formed from squalene, which is the product of dimerization of 
farnesyl diphosphate (FPP). 

Squalene is first epoxidized to form 2,3-oxidosqualene. 

Nine additional steps are needed to form lanosterol. 

a. The first several steps are cyclization reactions. 

b. The last steps are hydride and methyl shifts involving carbocations. 
Other enzymes convert lanosterol to cholesterol. 


Solutions to Problems 


Zi 
СНз(СН2) ч aC, Carnauba wax 
from Cog acid O(CHo)a4CHs 


27.2 


O 


from C35 alcohol 


O 
Д 


|| 
CH2O0C(CH5)4 4СНз CH2OC(CH9);CH = CH(CH9);CHs (cis) 


O 
Д 


О 
Д 


CHOC(CH5)44CH CHOC(CH3);:CH = CH(CH5);CH4 (cis) 
2/14"' '3 2/7 2/7''3 


O 
II 


Д 
CH5OC(CH5)4 4CH3 CH5OC(CH3);CH = CH(CH5)7CH; (cis) 


Glyceryl tripalmitate Glyceryl trioleate 


Glyceryl tripalmitate is higher melting because it is saturated. 
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27.3 
T 
CH3(CH5)7CH —CH(CH5);;CO - Mg 2+ " OC(CH5);CH = CH(CH5)7CH; 
Magnesium oleate 
The double bonds are cis. 
27.4 
| 
|| 
CH20C(CH2)14CH3 GHOR Ма? OC(CH2)14CHs 
| ° Sodium palmitate 
CHOC(CH»)7CH=CH(CHp)7CHg m HOH + 
| Я 2 Na* "OC(CH5);CH =CH(CH>)7CH3 
CH2OC(CH5)7;CH = CH(CH5)7CH3 CHOH Sodium oleate cis 
Glyceryl dioleate mono- Glycerol 
palmitate (cis double bonds) 
27.5 
Prostaglandin Е, 


27.6 The pro-S hydrogen (blue) ends up cis to the methyl group, and the pro-R hydrogen (red) 
ends up trans. 


pro-S 
) нас O—H { rac 
agers „С CH20PP ——— HS Ze ge MOREE 
a /N | /N 
pro-R —» H HH H 
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27.7 As described in Worked Example 27.1, draw the diphosphate precursor so that it 
resembles the product. Often, the precursor is linalyl diphosphate, which results from 
isomerization of geranyl diphosphate (the mechanism is shown in Figure 27.10). In (a), 
it's not easy to see the relationship, but once you've arrived at the product, rotate the 


structure. 
(a) Copp : 
454 
— — 
+ 

Linalyl И а-Ріпепе 

diphosphate 
(b) r 7 

2 T 
——- 
9 
* CHa | | 


Z 


y-Bisabolene 
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Both ring systems are trans-fused, and both hydrogens at the ring junctions are axial. 
Refer back to Chapter 4 if you have trouble remembering the relationships of substituents 


on a cyclohexane ring. 


27.8 


(a) 


CH3 equatorial 


H H 
H CH3 
H CH3 


27.9 Draw the three-dimensional structure and note the relationship of the hydroxyl group to 
groups whose orientation is known. 


(b) 


axial 


COH 


Lithocholic acid 


OH -— equatorial 
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27.10 
CH3 
2 
HO LI 3 
1/\ H Lanosterol Cholesterol 
H3C СНз 
Lanosterol Cholesterol 
1. Two methyl groups at C4. 1. Two hydrogens at C4. 
2. One methyl group at C14. 2. One hydrogen at C14. 
3. C5-C6 single bond. 3. C5-C6 double bond 
4. C8-C9 double bond. 4. C8-C9 single bond. 
5. Double bond in side chain 5. Saturated side chain. 


Visualizing Chemistry 


27.11 


OH — equatorial Cholic acid 


Cholic acid is an А-В cis steroid because the groups at the fusion of ring A and ring B 


have a cis relationship. 
27.12 


qi y 2 


: Ваѕе Helminthogermacrene 


Draw farnesyl diphosphate in the configuration that resembles the product, then draw its 
allylic isomer (the mechanism for the formation of the isomer is shown in Problem 27.7). 
In this reaction, a cyclization, followed by loss of a proton to form the double bond, gives 
helminthogermacrene. 
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26.13 


сон 


Linoleic acid 


N 


A polyunsaturated fat such as linoleic acid is more likely to be found in peanut oil. 


Additional Problems 


Fats, Oils, and Related Lipids 


27.14 
COH 
Eicosa-5,8,11,14,17-pentaenoic acid 
(all cis) 
27.15 
f f 
CH2OC(CH5)4 gCHs CH2OC(CH5)4 gCHs 
ll | 
* CHOC(CH?)46CH3 or CHOC(CH5);CH = CH(CH5)7CH; 
О | О (cis) 
Д | 
CH5OC(CH5)7CH = CH(CH5)7CH3 CH2OC(CH5)4 gCH3 
(cis) 
optically active 1. “OH, НО optically inactive 
2. H3O* 
THE O Т 
ДЕТ Oleic acid Stearic acid 
Four different groups are bonded to the central glycerol carbon atom in the optically active 
fat. 
27.16 
^ : 
CHa(CH2)44C. Cetyl palmitate 


OCH2(CH2)414CH3 
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27.17 


|| 
CH2OC(CH2)7CH=CH(CH2)7CH3 (cis) 


|| 
CHOC(CH5);CH—CH(CH9);CHs (cis) 
| 9 
CH5OC(CH5);CH = CH(CH3);CHs (cis) 


Glyceryl trioleate 
(a) о 
CH52OC(CH5)7CH(Br)CH(Br)(CH5)7 CH; 
Glyceryl Bro | 
trioleate : CHOC(CH2)7CH(Br)CH(Br)(CH2)7CH3 
СНІ S 
|| 
CH2OC(CH5)7CH(Br)CH(Br) (CH2)7CH; 
(b) о 
CH5OC(CH5)45CHa 
Glyceryl Ho/Pd Д 
trioleate CHOC(CH5)4 СНз 
T 
CH5OC(CH5)45CHa 
(Ө наон 
Glyceryl NaOH ME = 
trioleate JO - [АА + 3 Ма” O$C(CH5);CH — CH(CH5) ;CH3 
CHOH 
(d) 
II Д 
CH5OC(CH3)7;CH 
О 


Glyceryl 1. Оз 


|| || || 
i CHOC(CH5);CH + 3 HC(CH3);CH 
trioleate 2. Zn, CHgCO;H (CH2)7 (CH2)7CH3 


o 
CH20C(CH3)7CH 
(e) CHOH 


1. LiAIH | 
Pu Lb re CHOH + з HOCH$(CH5);CH — CH(CH9)7CHs 
"ES CHOH 
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(0 CHOH CHa 

Glyceryl 1. CH3MgBr = 

trioleate 2. но? i үчн + 3 HORGEN =CH(CH2)7CH3 

CHOH СНз 
27.18 
CH34(CH9);CH = CH(CH3);COsH (cis) 
Oleic acid 

о ОНОН 

Oleic acid — ——— —» CH3(CH2)7CH = CH(CH5)7CO5CHs 

НО Methyl oleate 

(b) Ho/Pd 

Methyl oleate ———- CH3(CH5)15CO5CH5 

from (a) Methyl stearate 

(c) Оз 

Oleic acid CH34(CH5);CHO + OHC(CH32)7CO5H 

x E Nonanal 9-Oxononanoic acid 

@) "OE s 

9-Oxononanoic acid ^ ——7—9- — HO2C(CH5);COoH 

from (c) H30 Nonanedioic acid 

(e) Br 

Oleic acid ——> CH3(CH»)7CH(Br)CH(Br)(CHs)7CO>H 

CHE 1.3 NaNH3, NH3 
2. H3O* 


CH4(CH5)7C = C(CH5);CO5H 
Stearolic acid 


Three equivalents of the base are needed because one of them is neutralized by the 
carboxylic acid. 


(f) Br 


. 4... Ha/Pd 1. Bro, PBra | 
Oleic acid | —————-  CH34(CH2),5CH9COoH  —————9' CHs(CH3),15CHCO5H 
. . 2. 20 . . 
Stearic acid 2-Bromostearic acid 


(8) 
. Na* ОСН 
2 CH3(CH>)4gCO2CH3 ис ae + HOCH3 
from (b) Е. со2СнНз 


H3O*, heat 


CH3(CH5)4 gCCH2(CH5)45CH3 + СО» + HOCH; 
18-Pentatriacontanone 


This synthesis uses а Claisen condensation, followed by a f-keto ester decarboxylation. 
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27.19 Fats and plasmalogens are both esters of a glycerol molecule that has carboxylic acid ester 
groups at C2 and C3. The third group bonded to glycerol, however, differs with the type 
of lipid: a fat has a carboxylic acid ester at C1, and a plasmalogen has a vinyl ether in that 


location. 
27.20 
T f T 
CH2OH + HOCR" CH5OCR" CH5OH + Na* OCR' 
О + | О О 
| || H30 || NaOH M 
CHOH + НОСА -— —— CHOCR' MEOS CHOH * Na* OCR' 
NEN | | 
СНОН + HCCH;R CHOCH — CHR CHOCH — CHR 
Basic hydrolysis cleaves the carboxylic acid ester bonds but doesn't affect the ether bond. 
Acidic hydrolysis cleaves all three groups bonded to glycerol and produces an aldehyde 
from the vinyl ether group. 
27.21 
| 1 ju 
RC 3004, СНО З- CR" 3 НОСН»СНСН»ОН 
о NE. + 2 NagPO, 
R'C - OCH CHO CR" О 
О О | NaOH M o 
| | ——> + RCO Na* + RCO Na* 
он; $P $ OCH2ÇHCH20 $P осн H20 с о 
on OH o7 + R'CO Na* + R"CO' Nat 
a cardiolipin 
Saponification of a cardiolipin yields 4 different carboxylates, 3 equivalents of glycerol and 
two equivalents of phosphate. 
27.22 
1. O3 
CH3(CH5)7C = C(CH2)7CO2H |. ————————— CH3(CH2)7CO2H + HO2C(CH2)7CO2H 
3(CH2)7 (CH2)7CO2 2. Zn, CH3CO;H 3(CH2)7CO2 2C(CH2)7CO2 
Stearolic acid Nonanoic acid Nonanedioic acid 


Stearolic acid contains a triple bond because the products of ozonolysis are carboxylic 
acids. 
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27.23 
NaNH> 
“+ 


NH3 


| CH3(CHp)7C=C: Na" | + NH3 


CH3(CH>)7C=CH 


| D CHo(CH5)gCHa — CI 
= NaCN - 
CH4(CH5)7C = C(CH52)gCHo2CN «——— — CH3(CH»)7C = C(CH5)gCH? — Cl 


| H30* 
Е: F, rather than СГ, is displaced 
CH3(CH5)7C = C(CH2)gCH2CO5H by acetylide because iodide is a 
Stearolic acid better leaving group than chloride. 


Terpenoids and Steroids 


27.24-27.26 
Remember that a compound with n chirality centers can have a maximum of 2” 


stereoisomers. Not all the possible stereoisomers of these compounds are found in nature 
or can be synthesized. Some stereoisomers have highly strained ring fusions; others 


contain 1,3-diaxial interactions. 


(a) Og, 


H 
H3C CH3 


Guaiol Sabinene Cedrene 


(8 possible stereoisomers) (4 possible stereoisomers) (16 possible stereoisomers) 


DNN I 
PPO 
OPP Br 


If carbon 1 of each diphosphate were isotopically labeled, the labels would appear at the 
circled positions of the terpenoids. 
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27:27 
О T О 
К CoAS “сн, A. RN 
CoAS ^*^ CH4 = — ————— ——» CoAS/*"CHZ *^CHg +  HSCoA 
T 
H20 C 
H3C~ * ~SCoA 
О 
i i d снон НАНЫН i i | +  HSCoA 
< О 
“07* “CHS “он * ° “07 * “он * СОНУ * SSCoA 


(R)-Mevalonate + SCoA 


27.28 First, mevalonate 5-diphosphate is converted to isopentenyl diphosphate (IPP) and 
dimethallyl diphosphate (DMAPP). 


Q HQ OH Gig: EE 
xiu au CODE —— gi? бш DP + CO» 


IPP is isomerized to DMAPP. 
тз CH3 


C. — ,CH90PP —> Су „ОН;ОРР — DMAPP 
Hcl “ону * * Hac хон“ * * 


DMAPP and IPP couple to give geranyl diphosphate (GPP). 


2 + 2 —— 
* OPP * * “OPP х * ee OPP 


A second molecule of IPP adds to GPP to give farnesyl diphosphate, the precursor to a- 


cadinene. 
p een D" ——— 
xA е NS 


* * OPP 
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Notice that the ^C labels are located at two different positions: (1) at the carbon to which 
—OPP was bonded; (2) at the carbon bonded to the methyl group. 


Now, arrange farnesyl diphosphate to resemble the skeleton of o-cadinene. The first step 
in the reaction sequence is formation of the allylic isomer of FPP; the mechanism was 


shown in Problem 27.7. 


2 
7А uA “~~ opp Farnesyl diphosphate 
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27.30 Squalene is converted to lanosterol by the series of steps pictured in Figure 27.14. 


Squalene 


Lanosterol 


27.31 


H3C 


H3C 
——- 
H 


s | 


H3C 
H3C 


Caryophyllene 
НС 


Draw farnesyl diphosphate in the correct orientation in order to make this problem much 
easier. Internal displacement of 'OPP by the electrons of one double bond is followed by 
attack of the electrons of the second double bond on the resulting carbocation. Loss of a 
proton from the carbon next to the resulting carbocation produces the double bond. 
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General Problems 


27.32 


E d ox 
=~ Б: x (ТОРР ОРР 


Farnesyl diphosphate Isopentenyl diphosphate 


EN EN us EN 
OPP 


Geranylgeranyl diphosphate 


The precursor to flexibilene is formed from the reaction of farnesyl diphosphate and 
isopentenyl diphosphate. 


\ 


\ Copp 


d OEP Flexibilene 
The precursor cyclizes by the now-familiar mechanism to produce flexibilene. 


27.33 


+ 
ve п 


w-Ionone | 


< 


В-Іопопе 
+ HgO* 


Acid protonates a double bond, and the electrons of a second double bond attack ће 
carbocation. Deprotonation yields В-1опопе. 
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277.34 


--H ~ 2 


N Dihydrocarvone И 


The two hydrocarbon substituents are equatorial in the most stable chair conformation. 


27.35 
HC H H 


n CH3 (e) 


Menthol 


All ring substituents are equatorial in the most stable conformation of menthol. 


о H 
* ка 
1 equiv. обсн, 
" (снзсо)о | o" 


As always, use the stereochemistry of the groups at the ring junction to label the other 
substituents as equatorial or axial and then esterify the appropriate -OH group. 


RR 
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27.37 


боз т : 


+ 
|. — ——- ү *ОН2 — OH» 
+ 


© 
^ » 


H 
Linalyl i 
diphosphate 
OH 
H 


Isoborneol 


The initial addition is followed by a carbocation rearrangement to produce a secondary 
carbocation, which reacts with water to yield the secondary alcohol. 


27.38 
+ 
нон Е 7 
C Uk А но 
OH (Он, ч 
m NM + 
H 1. H 2: 
Isoborneol B 7 
| 3. 
H20: 
НС НС V 
H3O* E 2 2 " 
MEL == 
H3C 4. H3C 
CH3 CH3 
Camphene | І 
Step 1: Protonation. Step 2: Loss of water. 


Step 3: Carbocation rearrangement. Step 4: Loss of proton. 


The key step is the carbocation rearrangement, which occurs by the migration of one of the 
ring bonds. 
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27.39 


equatorial/axial 


Digitoxigenin 


The hydroxyl group in ring A is axial, and the hydroxyl group at the ring C-D fusion is 
equatorial to ring C and axial to ring D. Notice that digitoxigenin has both an А-В cis ring 
fusion and a C-D cis ring fusion. 


27.40 
она OH 
CHCH —CHCH5OH 


1. ШАНА 
2. H9O* 


Digitoxigenin 


Periodinane 
СНІ 


Lithium aluminum hydride reduces ће lactone ring to а diol. Periodinane oxidizes only one 
hydroxyl group because the second group is tertiary. 
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27.41 
CH3(CH5)4CH2 JCHa(CHa)gCO2H CH3(CH2)5CHO 
с=с ози Heptanal 
g p? 2. Zn, CH3CO;H " 
Vaccenic acid OHC(CH2)gCO2H 
11-Oxoundecanoic acid 
| Сн) . 
CH3(CH2)4CH>  CHe(CHo)gCOoH (апа enantiomer) 
Zn/Cu Нь с=с“ Н 
С Lactobacillic acid 
ч 
H H 
27.42 
H H 
| | | 
C C H 
CH3CH5CH5CH» ^ d 707 SES 
H H CH»2(CH5)gCOsH 


(9Z,11E,13E)-9,11,13-Octadecatrienoic acid 
(Eleostearic acid) 


1. O3 
2. Zn, CH3CO5H 
CH3CH»CH»CH,CHO + OHC—CHO + OHC—CHO + OHC(CH5);CO;H 


The stereochemistry of the double bonds can't be determined from the information given. 


27.43 This mechanism also appears in Problem 27.32 


Oe eee OPP 


Farnesyl diphosphate Isopentenyl diphosphate 
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27.44 


CH3 OH 


75 


HO H3C 
Estradiol Diethylstilbestrol 


Estradiol and diethylstilbestrol resemble each other in having similar carbon skeletons, in 
having a phenolic ring, and in being diols. 


27.45 
T 
CCH»CH3 
———- St =——>» 
2. CH3Br AlCl 
HO CH30 CH30 
1. NaBH, 
+ 
Е 


oe | 


CHCH2CH3 CHCH2CH3 OHCHOH; 
Mg PBr3 m 
-—— —— 
CH30 CH30 CHO 


CH2CH3 
OCH3 OH 
TOS CH3CH> 
H ul | 
С — C x. 
Ca C 
| “OH | 
CH2CH CHCH 
CH30 is HO 2739 


Diethylstilbestrol 


The key reaction is a Grignard reaction between two molecules that are both synthesized 
from phenol. Phenol is first converted to anisole, in order to avoid problems with acidic 
hydrogens interfering with the Grignard reaction. Next, anisole undergoes Friedel-Crafts 
acylation with propanoyl chloride.The resulting ketone is one of the Grignard components. 
The other component is prepared by reduction, bromination and treatment with magnesium 
of a quantity of the ketone. After the Grignard reaction, HI serves to both dehydrate the 
alcohol and cleave the methyl ether groups. 
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27.46 
" CH3 ,PCHs 


. 1. NaH D 
Estradiol Soe 
2. СНзІ 
| 
Н 
H3CO 


CH3COCI CH 


Estradiol De s di 
pyridine | 
i} 


(b) 


(c) 


: Bro С. 
Estradiol EN 
РеВгз 
Вг | 
O H 
HO 


Estradiol Periodinane 
СНС 
(н H 
HO 


(d) 
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1. Og OHC 
2. Zn, CH3CO;H O 
Cembrene CHO о 
1 equiv Ho 
«——— 
<< 
Dihydrocembrene 


One equivalent of H? hydrogenates the least substituted double bond. Dihydrocembrene 
has no ultraviolet absorption because it is not conjugated. 


(OPP = А : 
| | 


LPP 
Bi^X 
| | 
= : 
О HO Hoz Hog 
[O] А 
-—— ч — = 
—- 
a-Fenchone E 


The mechanism follows the usual path: cyclization of linalyl diphosphate, followed by 
attack of the x electrons of the second double bond, produces an intermediate carbocation. 
A carbocation rearrangement occurs, and the resulting carbocation reacts with water to 
form an alcohol that is oxidized to give o-fenchone. 
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27.49 


A 
CH3C —S — Protein —M E NR en 
1. 
0 а i 
es. ein -OC О 
0С 
2 |2 
X ronem V og 
CH3C —CHC —S —Protein CH3C 7- CHC — 5 — Protein 
Э; {Л 
2040: - * 
O О: - 
HA [+ = S — Protein 


CH3CCH2C — S — Protein 
3-Ketobutyryl-protein 
Step 1: Attack of malonyl-protein anion on acetyl-protein (Claisen condensation). 
Step 2: Loss of S-protein. 


Step 3: Decarboxylation. 
Step 4: Protonation and tautomerization. 


27.50 


PPO 


In this series of steps, dissociation of diphosphate ion allows bond isomerization to take 
place, making it possible for ring formation to occur. This mechanism is very similar to the 
mechanism shown in Figure 27.10. 
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Y Y 
н - H H 
Trichodiene 


A hydride shift, two methyl shifts, and loss of -H* yield trichodiene. 
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Chapter 28 — Biomolecules: Nucleic Acids 


Chapter Outline 


I. Nucleic acids (Sections 28.1—28.2). 
A.Nucleotides (Section 28.1). 


1. 


2. 
3. 


4. 


Nucleotides are composed of a heterocyclic purine or pyrimidine base, an 

aldopentose, and a phosphate group. 

a. In RNA, the purines are adenine and guanine, the pyrimidines are uracil and 
cytosine, and the sugar is ribose. 

b. In DNA, thymine replaces uracil, and the sugar is 2'-deoxyribose. 

Positions on the base receive non-prime superscripts, and positions on the sugar 

receive prime superscripts. 

The heterocyclic base is bonded to С1' of the sugar. 

DNA is vastly larger than RNA and is found in the cell nucleus. 


B. Nucleic acids. 


1. 


2: 
3 


Nucleic acids are composed of nucleotides connected by a phosphodiester bond 

between the 5' ester of one nucleotide and the 3' hydroxyl group of another. 

a. Oneend of the nucleic acid polymer has a free hydroxyl group and is called the 
3' end. 

b. The other end has a free phosphate group and is called the 5' end. 

The structure of a nucleic acid depends on the order of bases. 

The sequence of bases is described by starting at the 5' end and listing the bases by 

their one-letter abbreviations in order of occurrence. 


C. Base-pairing in DNA (Section 28.2). 


1. 


2. 
3. 
4. 


DNA consists of two polynucleotide strands coiled in a double helix. 

a. Adenine and thymine hydrogen-bond with each other, and cytosine and guanine 
hydrogen-bond with each other. 

Because the two DNA strands are complementary, the amount of A equals the 

amount of T, and the amount of C equals the amount of G. 

The double helix is 20 A wide, there are 10 bases in each turn, and each turn is 34 

A in height. 

The double helix has a major groove and a minor groove into which polycyclic 

aromatic molecules can intercalate. 


D. The "central dogma" of molecular genetics. 


1. 
2. 


The function of DNA is to store genetic information and to pass it on to RNA, 
which, in turn, uses it to make proteins. 

Replication, transcription and translation are the three processes that are responsible 
for carrying out the central dogma. 


II. The transfer of genetic information (Sections 28.3—28.5). 
A. Replication of DNA (Section 28.3). 


1. 


2; 
3. 


Replication is the enzyme-catalyzed process whereby DNA makes a copy of itself. 
Replication is semiconservative: each new strand of DNA consists of one old strand 
and one newly synthesized strand. 
How replication occurs: 
a. The DNA helix partially unwinds. 

1. This process is catalyzed by the enzyme helicase. 
b. New nucleotides form base pairs with their complementary partners. 
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c. Formation of new bonds is catalyzed by DNA polymerase and takes place in the 
5' — 3' direction. 
i. Bond formation occurs by attack of the 3' hydroxyl group on the 5' 
triphosphate, with loss of a diphosphate leaving group. 
d. Both new chains are synthesized in the 5' — 3' direction. 
i. One chain is synthesized continuously (the leading strand). 
ii. The other strand is synthesized in small pieces, which are later joined by 
DNA ligase enzymes (the lagging strand). 
B. Transcription — synthesis of RNA (Section 28.4). 
1. There are 3 main types of RNA: 
a. Messenger RNA (mRNA) carries genetic information to ribosomes when 
protein synthesis takes place. 
b. Ribosomal RNA (rRNA), complexed with protein, comprises the physical 
makeup of the ribosomes. 
c. Transfer RNA (tRNA) brings amino acids to the ribosomes, where they are 
joined to make proteins. 
d. There are also small RNAs, which carry out a variety of cellular functions. 
2. DNA contains "promoter sites", which indicate where mRNA synthesis is to begin, 
and base sequences that indicate where mRNA synthesis stops. 
a. RNA polymerase binds to the promoter sequence. 
3. mRNA is synthesized in the nucleus by transcription of DNA. 
The DNA partially unwinds, forming a "bubble". 
Ribonucleotides form base pairs with their complementary DNA bases. 
Bond formation occurs in the 5' — 3' direction. 
Only one strand of DNA (the antisense, or noncoding, strand) is transcribed. 
Thus, the synthesized mRNA is a copy of the sense (coding) strand with U 
replacing T. 
4. Synthesis of mRNA is not necessarily continuous. 
a. Often, synthesis begins in a region of DNA called an exon and is interrupted by 
a seemingly noncoding region of DNA called an intron. 
b. In the final mRNA, the noncoding sections have been removed and the 
remaining pieces have been spliced together by specific enzymes. 
C. Translation (Section 28.5). 
1. Translation is the process in which proteins are synthesized at the ribosomes by 
using mRNA as a template. 
2. The message delivered by mRNA is contained in "codons" — 3-base groupings that 
are specific for an amino acid. 
a. Amino acids are coded by 61 of the possible 64 codons. 
b. The other 3 codons are "stop" codons. 
3. Each tRNA is responsible for bringing an amino acid to the growing protein chain. 
a. AtRNA has a cloverleaf-shaped secondary structure and consists of 70—100 
ribonucleotides. 
b. Each tRNA contains an anticodon complementary to the mRNA codon. 
4. The protein chain is synthesized by enzyme-catalyzed peptide bond formation. 
5. А 3-base "stop" codon on mRNA signals when synthesis is complete. 
Ш. DNA technology (Sections 28.6-28.8). 
A. DNA sequencing (Section 28.6). 
1. Before sequencing, the DNA chain is cleaved at specific sites by restriction 
endonucleases. 
a. The restriction endonuclease recognizes both a sequence on the sense strand and 
its complement on the antisense strand. 
b. The DNA strand is cleaved by several different restriction endonucleases, to 
produce fragments that overlap those from a different cleavage. 


ово op 
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2. Maxam-Gilbert DNA sequencing. 
a. This method uses chemical techniques. 
3. Sanger dideoxy DNA sequencing. 
a. The following mixture is assembled: 
i. The restriction fragment to be sequenced. 
п. A primer (a small piece of DNA whose sequence is complementary to that 
on the 3' end of the fragment). 
iii. The 4 DNA nucleoside triphosphates. 
iv. Small amounts of the four dideoxynucleotide triphosphates, each of which 
is labeled with a different fluorescent dye. 
b. DNA polymerase is added to the mixture, and a strand begins to grow from the 
end of the primer. 
c. Whenever a dideoxynucleotide is incorporated, chain growth stops. 
d. When reaction is complete, the fragments are separated by gel electrophoresis. 
e. Because fragments of all possible lengths are represented, the sequence can be 
read by noting the color of fluorescence of each fragment. 
B. DNA synthesis (Section 28.7). 
1. DNA synthesis is based on principles similar to those for peptide synthesis. 
2. The following steps are needed: 
a. The nucleosides are protected and bound to a silica support. 
1. Adenine and cytosine bases are protected by benzoyl groups. 
ii. Guanine is protected by an isobutyryl group. 
iii. Thymine isn't protected. 
iv. The 5' -OH group is protected as a DMT ether. 
b. The DMT group is removed. 
c. The polymer-bound nucleoside is coupled with a protected nucleoside 
containing a phosphoramidite group. 
i. One of the phosphoramidite oxygens is protected as a f-cyano ether. 
ii. Tetrazole catalyzes the coupling. 
d. The phosphite is oxidized to a phosphate with Ip. 
e. Steps b — d are repeated until the desired chain is synthesized. 
f. All protecting groups are removed and the bond to the support is cleaved by 
treatment with aqueous ammonia. 
C. The polymerase chain reaction (Section 28.8). 
1. The polymerase chain reaction (PCR) can produce vast quantities of a DNA 
fragment. 
2. The key to PCR is Taq DNA polymerase, a heat-stable enzyme. 
a. Newer heat-stable DNA polymerase enzymes have become available. 
3. Steps in PCR: 
a. The following mixture is heated to 95 °C (a temperature at which DNA becomes 
single-stranded); 
i. Taq polymerase. 
ll. Ма? ion. 
iii. The 4 deoxynucleotide triphosphates. 
iv. A large excess of two oligonucleotide primers, each of which is 
complementary to the ends of the fragment to be synthesized. 
b. The temperature is lowered to 37 °C — 50 °C, causing the primers to hydrogen- 
bond to the single-stranded DNA. 
c. After raising the temperature to 72 °C, Taq catalyzes the addition of further 
nucleotides, yielding two copies of the original DNA. 
d. The process is repeated until the desired quantity of DNA is produced. 
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Solutions to Problems 


28.1 
5' end NH» 
o- 
| N~Z™ 
^ O—P-—O ¢ | 
| а 0 
OCHo N 
T ) 2'- түс 5'-phosphate (А) 
Н 
Pd 
"0— p= О * 2 
och: ies 2 
с К 2'-Deoxyguanosine 5'-phosphate (С) 
3 end OH 
28.2 
5' end О 
i p 
-о—р=0 | P Uridine 5'-phosphate (U) 
OCH» 


— МН» 


М Z MN 
ps О e | 
| ` 


OCH, N 
E Adenosine 5'-phosphate (A) 
3' end OH 


28.3 DNA (5' епа) GGCTAATCCGT (3' end) is complementary to 
DNA (3' end) CCGATTAGGCA (5' end) 


Remember that the complementary strand has the 3' end on the left and the 5' end on the 


right. 
The complementary sequence can also be written as: 


793 


DNA (5' end) ACGGATTAGCC (3' end). Be sure that you know which format is being 


used (3' to 5', or 5' to 3"). 
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28.4 


Uracil / N— N. Adenine 


28.5 DNA (5'епа) GATTACCGTA (3'епа) is complementary to 
RNA (Q'end)CUAAUGGCAU  (5'end) 


28.6 RNA (5' end) UUCGCAGAGU Q?' end) 
DNA (3' end) AAGCGTCTCA (5'end) antisense (noncoding) strand 


28.7—28.8 Several different codons can code for the same amino acid (Table 28.1). The 
corresponding anticodon follows the slash mark after each codon. The mRNA codons are written 
with the 5' end on the left and the 3' end on the right, and the tRNA anticodons have the 3' end on 
the left and the 5' end on the right. 


Amino acid: Ala Phe Leu Tyr 


Codon sequence/ GCU/CGA | UUU/AAA | UUA/AAU | UAU/AUA 
tRNA anticodon: GCC/CGG  UUC/AAG  UUG/AAC  UAC/AUG 


GCA/CGU CUU/GAA 
GCG/CGC CUC/GAG 
CUA/GAU 
CUG/GAC 


28.9-28.10 
The mRNA base sequence: (5' end) CUU-AUG-GCU-UGG-CCC-UAA (3' end) 
The amino acid sequence: Leu—Met— Ala— Trp— Pro-(stop) 


The DNA sequence: (3'end | GAA-TAC-CGA-ACC-GGG-ATT (5'end) 
(antisense strand) 
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28.11 
OCH3 OCH 


н [Base] н Ваве] 


Cleavage of DMT ethers proceeds by ап 5х1 mechanism and is rapid because ће DMT 
cation is unusually stable. 


28.12 
: NH3 
( 


- | 
o—p—0 cu, сном ——- 0O=P—O + HsC=CHCN + NH4* 


This is an E2 elimination reaction, which proceeds easily because the hydrogen a to the 
nitrile group is acidic. 
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Visualizing Chemistry 


28.13 
b 
(a) O (b) О (с) н. We H 
H H 
N N^ N^ 3 
H 
N м2 N^ N е) < 
| | | N^ “о 
H H H | 
H 
Guanine (G) Uracil (U) Cytosine (C) 
DNA RNA DNA 
RNA RNA 
All three bases are found in RNA, but only guanine and cytosine are found in DNA. 
28.14 
Q 
О HaC H 
| 3 N Ра 
“O—P=0 | pu 
ОСН» № О 
О 
2',3'-Dideoxythymidine 5'-phosphate 
H H 


The triphosphate made from 2',3'-dideoxythymidine 5' phosphate is labeled with a 
fluorescent dye and used in the Sanger method of DNA sequencing. Along with the 
restriction fragment to be sequenced, a DNA primer, and a mixture of the four dNTPs, 
small quantities of the four labeled dideoxyribonucleotide triphosphates are mixed together. 
DNA polymerase is added, and a strand of DNA complementary to the restriction fragment 
is synthesized. Whenever a dideoxyribonucleotide is incorporated into the DNA chain, 
chain growth stops. The fragments are separated by electrophoresis, and each terminal 
dideoxynucleotide can be identified by the color of its fluorescence. By identifying these 
terminal dideoxynucleotides, the sequence of the restriction fragment can be read. 


28.15 According to the electrostatic potential map, the nitrogen at the 7 position of 9- 
methylguanine is more electron-rich (red) and should be more nucleophilic. Thus 9- 
methylguanine should be the better nucleophile. 


x :О: NH» 
N P N S 
y аф 
yu P ОМ T P 
2 М NH, ^ N 
H3C H3C A 
9-Methylguanine 9-Methyladenine 
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Additional Problems 


28.16 The DNA that codes for natriuretic peptide (32 amino acids) consists of 99 bases; 3 bases 
code for each of the 32 amino acids in the chain (96 bases), and a 3-base "stop" codon is 
also needed. 


28.17 Position 9: 


Horse amino acid = Gly Human amino acid = Ser 
mRNA codons (5' —> 3"): 
GGU GGC GGA GGG UCU UCC UCA UCG AGU AGC 


DNA bases (antisense strand 3' —> 5'): 
CCA CCG CCT CCC AGA AGG AGT AGC TCA TCG 


The underlined horse DNA base triplets differ from their human counterparts (also 
underlined) by only one base. 


Position 30: 


Horse amino acid = Ala Human amino acid = Thr 
mRNA codons (5' —> 3): 
GCU GCC GCA GCG ACU ACC ACA ACG 


DNA bases (antisense strand 3' —> 5'): 
CGA CGG CGT CGC TGA TGG TGT TGC 


Each of the above groups of DNA bases from horse insulin has a counterpart in human 
insulin that differs from it by only one base. It is possible that horse insulin DNA differs 
from human insulin DNA by only two bases out of 159! 


28.18 The percent of A always equals the percent of T, since A and T are complementary. The 
percent G equals the percent C for the same reason. Thus, sea urchin DNA contains about 
32% each of A and T, and about 18% each of G and C. 


28.19 Even though the stretch of DNA shown contains UAA in sequence, protein synthesis 
doesn't stop. The codons are read as 3-base individual units from start to end, and, in this 
mRNA sequence, the unit UAA is read as part of two codons, not as a single codon. 


28.20 Restriction endonucleases cleave DNA base sequences that are palindromes, meaning that 
the sequence reads the same as the complement when both are read in the (5') to (3') 
direction. Thus, the sequence in (c), CTCGAG is recognized. The sequence in (a), 
GAATTC, is also a palindrome and is recognized by a restriction endonuclease. The 
sequence in (b) is not a palindrome and is not recognized. 


28.21-28.23 
mRNA codon : (5'->3') (а) AAU (b)GAG (с) ОСС (d) CAU 
Amino acid: Asn Glu Ser His 
DNA sequence: (3'-»5!) TTA CTC AGG GTA 


tRNA anticodon: (3'—>5') UUA CUC AGG GUA 


The DNA sequence of the antisense (noncoding) strand is shown. 
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28.24-28.25 | UAC is a codon for tyrosine. It was transcribed from ATG of the antisense 
strand of a DNA chain. 


mRNA codon DNA 
5' end 3' end 
| Q | 
TO m =0 UH 


N | 
H^ CH3 O x —07 
п OH мн» О 
СО—Р=0О 
| “ум 
Е 9 | ee НМ N : 
2 N СН, 
: "e | \ Í : 
H^ N N | - 
О n —O 
ope | e 
3' end 5' end 
28.26 Туг Gly Gly Phe Met (stop) is coded by 
UAC GGU GGU UUU AUG UAA 
UAU GGC GGC UUC UAG 
GGA GGA UGA 
GGG GGG 


A total of 2 x 4 x 4 x 2 x 1 x 3 = 194 different mRNA sequences can code for 
metenkephalin! 
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28.27 Angiotensin II: Asp——Arg——Val——Tyr——-Ile——-His——Pro——Phe (stop) 
mRNA sequence: GAU CGU GUU UAU AUU CAU CCU UUU UAA 


(5'—>3') GAC CGC GUC UAC AUC CAC CCC UUC UAG 
CGA GUA AUA CCA UGA 
CGG GUG CCG 
AGA 
AGG 


As in the previous problem, many mRNA sequences (13,824) can code for angiotensin II. 


28.28 DNA coding strand (5'-23): CTT— CGA—CCA— GAC—AGC—TTT 
mRNA (5'—>3'): CUU —CGA —CCA —GAC — AGC —UUU 
Amino acid sequence: Leu Arg——Pro——Asp——Ser Phe 
The mRNA sequence is the complement of the DNA noncoding (antisense) strand, which 
is the complement of the DNA coding (sense) strand. Thus, the mRNA sequence is a copy 
of the DNA coding (sense) strand, with T replaced by U. 


28.29 mRNA sequence (5'-23): CUA—GAC—CGU-—UCC—AAG—UGA 


Amino Acid: Leu Asp—Arg—-Ser—Lys (stop) 

28.30 Original Sequence Miscopied Sequence 
DNA coding strand (5'—>3'): -CAA-CCG-GAT- -CGA-CCG-GAT- 
mRNA sequence (5'—>3'): -CAA-CCG-GAU- -CGA-CCG-GAU- 
Amino acid sequence: -Gln—Pro—Asp- -Arg—Pro—Asp- 


If this gene sequence were miscopied in the indicated way, a glutamine in the original 
protein would be replaced by an arginine in the mutated protein. 


28.31 1. First, protect the nucleosides. 


(a) Bases are protected by amide formation. 


NH2 NHCOCgHs 
N 
0 Y? CeH5COCI 4 Pe 
Adenine y vuoi J 
| S pyridine 
МН» NHCOOCgHs 
N N CgH5COCI ` N 
| | morc | 
Cytosine e pyridine ET 
N О Кү О 


(CH3)eCHCOCI 
Guanine С bd c bá 
pyridine 


m does not need to be protected. 


NHCOCH(CHg)o 
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(b) The 5' hydroxyl group is protected as its p-dimethoxytrityl (DMT) ether. 


HOCH» DMTOCH» 
О 1. Base O 
2. DMTBr 


О О О 


О 


2. Attach a protected 2-deoxycytidine nucleoside to the polymer support. 


ОМТОСН» ОМТОСН» 
O 
— 


OCCHCH;CO -« \ OCCH;CH;CNHICH2)SI— СРУ 
О О О 


О 


+ 


Сеа )—Si(CHp)3NHp 
О Q 
Д || 


ге! — CCH,CH,CNH(CHp)gi—CSilica ^) : 


3. Cleave the DMT ether. 


HOCH» 


CHCl;CO;H О 
————— 


CH3Clo 
o — (Support) 
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4. Couple protected 2'-deoxythymidine to the polymer-2'-deoxycytidine. (The 
nucleosides have a phosphoramidite group at the 3' position.) 


ОМТОСН» ОМТОСН» 


Q Tetrazole о 
} | 
AP —N(i-Pro)p b: —OCH; А 
NCCH;CH;O NCCH,CH,0 Я 
+ 
о— (борот) 
HOCH; 


O 


о — Сбт) 
5. Oxidize ће phosphite product to a phosphate triester, using iodine. 


DMTOCHs DMTOCH> 


Ip О 
— 


О 
ТНЕ 
О 


Y 
N 
P—OCH, NP— OCH 
| О | 
0— Соот) 


6. Repeat steps 3—5 with protected 2'-deoxyadenosine and protected 2'-deoxyguanosine. 


NCCH5CH50 NCCH5CH5O 
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7. Cleave all protecting groups with aqueous ammonia to yield the desired sequence. 


Guanine 


O O 


| 
| = 
O =P —ОСН»5СНУСМ O=P—O 


| Adenine | 
P [Adenine boii 


О О 
NH3 
| 
| 


| i 
i Thymine 
O O 
$ ? 
O =P — OCH2CH2CN O=P—O 


| Cytosi 


Cytosine 
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28.32 Both of these cleavages occur by the now-familiar nucleophilic acyl substitution route. A 
nucleophile adds to the carbonyl group, a proton shifts location, and a second group is 
eliminated. Only the reacting parts of the structures are sown. 


Deprotection at 1: 


N Oi N :0: 
== $N 0 <>” $295 =” + || 


| 
Н С С С С 
Bd pg "e n HaN^ нм“ 
NH3 | 


Deprotection at 2: 


- H н H - мн, 
/ anan \t/ as 
:9:) © 


28.33 


О=р Н Cyclic АМР 
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28.34 This reaction involves addition of a thiol residue of the enzyme to malonic semialdehyde, 
yielding a hemithioacetal (Step 1). Oxidation by NAD* (step 2), followed by nucleophilic 
acyl substitution by CoA (Step 3), gives malonyl CoA. 


Y) СО» ш СО» 
D (, H if NAD* 
S-i-Enz CA 
C Ci 
о2 NH / n O \ H 
H 1 Senz 


Malonic 
semialdehyde ы Р 2. | NADH 


p E CO? C :В 
«—— — —-SCoA 
ox 35 fo Мы ые” 


O7 ""SCoA 
Malonyl CoA 


28.35 The steps: (1) phosphorylation by ATP; (2) cyclization; (3) loss of phosphate; (4) 
tautomerization. 


ADPO— Po- f^ :B 


NH 


5-Phospho- 
ribose 


5-Phospho- 
ribose 


Formylglycinamidine | 
2 


ribonucleotide 


Y 
5-Phospho- 5-Phospho- 5-Phospho- 
ribose ribose ribose 


Aminoimidazole 
ribonucleotide 
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28.36 The steps: (1) Addition of water; (2) Proton shift; (3) Elimination of NH3. 


O О О 
М ыг М T N xen 
¢ | a ¢ | Kane ae 4 | (^N + 
22 n 1. "ч NH3 2: NH3 
» N | A NH2 М | | V 024 
T» Н | 


OH," 
J) H20: 


Guanine 


B: 


}3 


О 
Н 
М 2 
е 
№ | О 


H + № 
Xanthine 


28.37 Both steps are nucleophilic acyl substitutions. 


(a) TOC 


Carbamoyl 
aspartate 


Dihydroorotate 
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28.38 
(a), (b) 
н, NH2 O 
4 og Valganciclovir 
| hydrolysis N 
NH 
a | 
" 2 
E ud er Ganciclovir 
(c) 


Q 
2 NH NH 
EMEN RE 
N N NH N N NH 

HO о—/ A : 3 


Ganciclovir 2'-Deoxyguanosine 


OH 


The -CH»- group at C2 of deoxyribose is missing from ganciclovir. 


(d) The missing atoms are part of the relatively inflexible deoxyribose ring. Without the 
ring, the DNA chain is floppy and base pairing to form a double helix can't occur. 


(e) As mentioned in (d), the inability to form base pairs stops the replication of DNA. 
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Chapter 29 – The Organic Chemistry of 


Metabolic Pathways 


Chapter Outline 


I. Overview of metabolism and biochemical energy (Section 29.1). 
A. Metabolism. 
1. The reactions that take place in the cells of organisms are collectively called 
metabolism. 
a. The reactions that produce smaller molecules from larger molecules are called 
catabolism and produce energy. 
b. The reactions that build larger molecules from smaller molecules are called 
anabolism and consume energy. 
2. Catabolism can be divided into four stages: 
a. In digestion, bonds in food are hydrolyzed to yield monosaccharides, fats, and 
amino acids. 
b. These small molecules are degraded to acetyl CoA. 
c. Inthe citric acid cycle, acetyl CoA is catabolized to CO», and energy is 
produced. 
d. Energy from the citric acid cycle enters the electron transport chain, where ATP 
is synthesized. 
B. Biochemical energy. 
1. ATP, a phosphoric acid anhydride, is the storehouse for biochemical energy. 
2. The breaking of a P-O bond of ATP can be coupled with an energetically 
unfavorable reaction, so that the overall energy change is favorable. 
3. The resulting phosphates are much more reactive than the original compounds. 
II. Lipid metabolism (Sections 29.2—29.4). 
A. Catabolism of fats (Section 29.2—29.3). 
1. Triacylglycerols are first hydrolyzed in the stomach and small intestine to yield 
glycerol plus fatty acids (Section 29.2). 
a. The reaction is catalyzed by a lipase. 
i. Aspartic acid, serine and histidine residues in the enzyme bring about 
reaction. 
b. Glycerol is phosphorylated and oxidized and enters glycolysis. 
i. The mechanism of oxidation involves a hydride transfer to МАР“. 
ii. The addition to МАР? is stereospecific. 
2. p-Oxidation (in the mitochondria) (Section 29.3). 
a. Fatty acids are degraded by f-oxidation, а 4-step spiral that results in the 
cleavage of an n-carbon fatty acid into 1/2 molecules of acetyl CoA. 
b. Before entering f-oxidation, a fatty acid is first converted to its fatty-acyl CoA. 
3. Steps of p oxidation. 
a. Introduction of a double bond conjugated with the carbonyl group. 
i. Thereaction is catalyzed by acyl CoA dehydrogenase. 
ii. The enzyme cofactor FAD is also involved and is reduced. 
ш. The mechanism involves abstraction of the pro-R а and В hydrogens, 
resulting in formation of a trans double bond. 
b. Conjugate addition of water to form an alcohol. 
1. The reaction is catalyzed by enoyl CoA hydratase. 
c. Alcohol oxidation. 
1. The reaction is catalyzed by L-3-hydroxyacyl CoA dehydrogenase. 
ii. The cofactor МАР? is reduced to NADH/H* at the same time. 
iii. Histidine deprotonates the hydroxyl group. 
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d. Cleavage of acetyl CoA from the chain. 
i. The reaction, which is catalyzed by f-keto thiolase, is a retro-Claisen 
reaction. 
ii. Nucleophilic addition of coenzyme A to the keto group is followed by loss 
of acetyl CoA enolate, leaving behind a chain-shortened fatty-acyl CoA. 
3. Ап n-carbon fatty acid yields 1/2 molecules of acetyl CoA after (1/2-1) passages of 
f-oxidation. 
a. Since most fatty acids have an even number of carbons, no carbons are left over 
after 6- oxidation. 
b. Those with an odd number of carbons require further steps for degradation. 
B. Biosynthesis of fatty acids (Section 29.4). 
1. General principles. 
a. In most cases, the pathway of synthesis isn't the exact reverse of degradation. 
i. If AG? is negative for one route, it must be positive for the exact reverse, 
which is thus energetically unfavorable. 
ii. The metabolic strategy is for one pathway to be related to its reverse but not 
to be identical. 
b. All common fatty acids have an even number of carbons because they are 
synthesized from acetyl CoA. 
c. In vertebrates, a large multienzyme synthase complex catalyzes all steps in the 
pathway. 
2: tee pathway. 
Steps 1—2: Acyl transfers convert acetyl CoA to more reactive species. 
1. Acetyl CoA is converted to acetyl ACP. 
ii. The acetyl group of acetyl ACP is transferred to the synthase enzyme. 
b. Steps 3—4: Carboxylation and acyl transfer. 
i. Acetyl CoA reacts with bicarbonate to yield malonyl CoA and ADP. 
(a). The coenzyme biotin, a CO» carrier, transfers CO» in a nucleophilic acyl 
substitution reaction. 
ii. Malonyl CoA is converted to malonyl ACP. 
ш. At this point, both acetyl groups and malonyl groups are bound to the 
synthase enzyme. 
c. Step 5: Condensation. 
i. А Claisen condensation forms acetoacetyl CoA from acetyl synthase and 
malonyl ACP. 
ii. The reaction proceeds by an initial decarboxylation of malonyl ACP to give 
an enolate that adds to acetyl synthase to form acetoacetyl CoA. 
d. Steps 6-8: Reduction and dehydrogenation. 
i. The ketone group of acetoacetyl CoA is reduced by NADPH. 
ii. The f-hydroxy thiol ester is dehydrated. 
iii. The resulting double bond is hydrogenated by NADPH to yield butyryl 
ACP. 
e. The steps are repeated with butyryl synthase and malonyl ACP to give a six- 
carbon unit. 
f. Fatty acids up to palmitic acid (16 carbon atoms) are synthesized by this route. 
i. Elongation of palmitic acid and larger acids occurs with acetyl CoA units as 
the two-carbon donor, rather than ACP. 
Ш. Carbohydrate metabolism (Sections 29.5—29.8). 
A. Catabolism of carbohydrates (Sections 29.5—29.7). 
1. Glycolysis (Section 29.5). 
a. Glycolysis is a 10-step series of reactions that converts glucose to pyruvate. 
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Steps 1—2: Phosphorylation and isomerization. 

i. Glucose is phosphorylated at the 6-position by reaction with ATP. 
(a). The enzyme hexokinase is involved. 

ii. Glucose 6-P is isomerized to fructose 6-P by glucose-6-P isomerase. 

Step 3: Fructose 6-P is phosphorylated to yield fructose 1,6-bisphosphate. 
(a). ATP and phosphofructokinase are involved. 

Step 4: Cleavage. 

i. Fructose 1,6-bisphosphate is cleaved to glyceraldehyde 3-phosphate and 
dihydroxyacetone phosphate. 
(a). The reaction is a reverse aldol reaction catalyzed by aldolase. 

Step 5: Isomerization. 

i. Dihydroxyacetone phosphate is isomerized to glyceraldehyde 3-phosphate. 

ii. The net result is production of two glyceraldehyde 3-phosphates, both of 
which pass through the rest of the pathway. 

Steps 6—7: Oxidation, phosphorylation, and dephosphorylation. 

i. Glyceraldehyde 3-phosphate is both oxidized and phosphorylated to give 
1,3-bisphosphoglycerate. 
(a). Oxidation by NAD* occurs via a hemithioacetal to yield a product that 

forms the mixed anhydride. 

ii. The mixed anhydride reacts with ADP to form ATP and 3-phosphoglycerate 
(a). The enzyme phosphoglycerate kinase is involved. 

Step 8: Isomerization. 

1. 3-Phosphoglycerate is isomerized to 2-phosphoglycerate by 
phosphoglycerate mutase. 

Steps 9-10: Dehydration and dephosphorylation. 

i. 2-Phosphoglycerate is dehydrated by enolase to give phosphoenolpyruvate. 

ii. Pyruvate kinase catalyzes the transfer of a phosphate group to ADP, with 
formation of pyruvate. 


2. The conversion of pyruvate to acetyl CoA (Section 29.6). 


a. 


b. 


e. o 


rh о 


The conversion pyruvate — acetyl CoA is catalyzed by an enzyme complex 

called pyruvate dehydrogenase complex. 

Step 1: Addition of thiamin. 

i. Anucleophilic ylide group on thiamin diphosphate adds to the carbonyl 
group of pyruvate to yield a tetrahedral intermediate. 

Step 2: Decarboxylation. 

Step 3: Reaction with lipoamide. 

i. The enamine product of decarboxylation reacts with lipoamide, displacing 
sulfur and opening the lipoamide ring. 

Step 4: Elimination of thiamin diphosphate ylide. 

Step 5: Acyl transfer. 

i. Acetyl dihydrolipoamide reacts with coenzyme A to give acetyl CoA. 

ii. The resulting dihydrolipoamide is reoxidized to lipoamide by FAD. 

iii. FADH; is reoxidized to FAD by NAD*. 

Other fates of pyruvate. 

i. Inthe absence of oxygen, pyruvate is reduced to lactate. 

ii. In bacteria, pyruvate is fermented to ethanol. 


3. The citric acid cycle (conversion of acetyl CoA to CO») (Section 29.7). 


a. 
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Characteristics of the citric acid cycle. 

i. Thecitric acid cycle is a closed loop of eight reactions. 

ii. The intermediates are constantly regenerated. 

iii. The cycle operates as long as NAD* and FADH; are available, which means 
that oxygen must also be available. 
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b. Steps 1—2: Addition to oxaloacetate. 
1. Acetyl CoA adds to oxaloacetate to form citryl CoA, which is hydrolyzed to 
citrate. 
(a). The reaction is catalyzed by citrate synthase. 
ii. Citrate is isomerized to isocitrate by aconitase. 
(a). The reaction is an Elcb dehydration, followed by conjugate addition of 
Water. 
c. Steps 3-4: Oxidative decarboxylations. 
i. Isocitrate is oxidized by isocitrate dehydrogenase to give a ketone that loses 
CO, to give a-ketoglutarate. 
ii. o-Ketoglutarate is transformed to succinyl CoA in a reaction catalyzed by a 
multienzyme dehydrogenase complex. 
d. Steps 5-6: Hydrolysis and dehydrogenation of succinyl CoA. 
i. Succinyl CoA is converted to an acyl phosphate, which transfers a 
phosphate group to GDP in a reaction catalyzed by succinyl CoA synthase. 
ii. Succinate is dehydrogenated by FAD and succinate dehydrogenase to give 
fumarate; the reaction is stereospecific. 
e. Steps 7—8: Regeneration of oxaloacetate. 
i. Fumarase catalyzes the addition of water to fumarate to produce (S)-malate. 
ii. (S)-malate is oxidized by NAD* and malate dehydrogenase to complete the 
cycle. 
C. Carbohydrate biosynthesis: gluconeogenesis (Section 29.8). 
1. Step 1: Carboxylation. 
a. Pyruvate is carboxylated to yield oxaloacetate in a reaction that uses biotin and 
ATP. 
2. Step 2: Decarboxylation and phosphorylation. 
a. Concurrent decarboxylation and phosphorylation of oxaloacetate produce 
phosphoenolpyruvate. 
3. Steps 3-4: Hydration and isomerization. 
a. Conjugate addition of water gives 2-phosphoglycerate. 
b. Isomerization produces 3-phosphoglycerate. 
4. Steps 5—7: Phosphorylation, reduction and tautomerization. 
a. Reaction of 3-phosphoglycerate with ATP yields an acyl phosphate. 
b. The acyl phosphate is reduced by NADPH/H' to an aldehyde. 
c. The aldehyde tautomerizes to dihydroxyacetone phosphate. 
5. Step 8: Aldol reaction. 
a. Dihydroxyacetone phosphate and glyceraldehyde 3-phosphate join to form 
fructose 1,6-bisphosphate. 
b. This reaction involves the imine of dihydroxyacetone phosphate, which forms 
an enamine that takes part in the condensation. 
6. Steps 9-11: Hydrolysis and isomerization. 
a. Fructose 1,6-bisphosphate is hydrolyzed to fructose 6-phosphate. 
b. Fructose 6-phosphate isomerizes to glucose 6-phosphate. 
c. Glucose 6-phosphate is hydrolyzed to glucose. 
7. Several of these steps are the reverse of steps of glycolysis. 
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IV. Protein metabolism (Section 29.9). 
Catabolism of proteins: Deamination. 
1. The pathway to amino acid catabolism: 
a. The amino group is removed as ammonia by transamination. 
b. The ammonia is converted to urea. 
c. What remains is converted to a compound that enters the citric acid cycle. 
i. Each carbon skeleton is degraded in a unique pathway. 
2. Transamination. 
a. The —NHp group of an amino acid adds to ће aldehyde group of pyridoxal 
phosphate to form an imine (Schiff base). 
b. The imine tautomerizes to a different imine. 
c. The second imine is hydrolyzed to give an o-keto acid and an amino derivative 
of pyridoxal phosphate. 
d. The pyridoxal derivative transfers its amino group to o-ketoglutarate, to 
regenerate pyridoxal phosphate and form glutamate. 
3. Deamination. 
a. The glutamate from transamination undergoes oxidative deamination to yield 
ammonium ion and o-ketoglutarate. 
V. Some conclusions about biological chemistry (Section 29.10). 
1. The mechanisms of biochemical reactions are almost identical to the mechanisms of 
laboratory reactions. 
2. Most metabolic pathways are linear. 
a. Linear pathways make sense when a multifunctional molecule is undergoing 
transformation. 
b. Cyclic pathways may be more energetically feasible when a molecule is small. 


Solutions to Problems 


29.1 This reaction is a substitution at phosphorus, with ADP as the leaving group. 


МН, 
№ ZNN 
О О О ¢ | 
| Ñ [ [ T 
(ШОН cens p OF Ors tO N N 
ы " z е) 
CHOH О О О 


| 
СНОН 
OH OH 


Glycerol ATP NH» 
N 2 “ ү 
О О О ¢ | 
I I I ` 
О 


Ht CH;0—P—O  * "0—P—0O-—P—OCH; 


Ж, | > ЖОШ 


CHOH О О О 


Glycerol 1-phosphate ӨН oH ADP 
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29.2 


29.3 


29.4 


Chapter 29 


CH3CH» -СН»СН» -СНСН, - CH5CSCoA 
Caprylyl CoA Juss 4) 
O O 
CH3CH» - CHsCH>- EH СА + CHsCSCOA 
Hexanoyl CoA | (passage 5) 


О 
Il || 
СНзСНо- CH9CSCoA + CH3CSCoA 


Butanoyl CoA (passus) 
II | T 
CH3CSCoA + CH3CSCoA 


A fatty acid with n carbons yields n/2 acetyl CoA molecules after (n/2 — 1) passages of the 
p-oxidation pathway. 


(a) 
CH3CHo CH5CH»2 = СН»СН» де CHCH% Es: CH5CH»2 i СН»СН» LS СН»СН» = CH5CO5H 


| В oxidation 
О 


8 CH4CSCoA 
Seven passages of the f-oxidation pathway are needed. 
(b) 


CH3CH» — (CHoCHa)g — CH2CO5H В oxidation 


10 CH4CSCoA 


Nine passages of the f-oxidation pathway are needed. 


p-Hydroxybutyryl ACP resembles the 6-hydroxy ketones that were described in Chapter 
23 and that dehydrate readily by an EIcB mechanism. 


“оу „злс oec Mesa AUSSIE 
| II | 
H—C —H H—C 
——- | ——- Ü + њо 
H—C—OH B H—C—OH CH 
l \ HA | 
CH3 |. СНз | CH3 
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29.5 A fatty acid synthesized from PCH3CO;H has an alternating labeled and unlabeled carbon 
chain. The carboxylic acid carbon is unlabeled. 


CH3CH2CH2CH>2CH2CH>CH2CH2CH2CH2CH2CH2CH2CH2CH2CO>H 


29.6 The face in front of the plane of the page is the Re face. Since addition occurs from behind 
the plane of the page, it occurs at the Si face. 


О О “=H > H OHO , 
| | 26У x. ] 29». 
O NH О NH 
нс Del SACP ОО GS SSAC 2 
IN NX 
H H H H 


29.7 ATP is produced in step 7 (1,3-bisphosphoglycerate —> 3-phosphoglycerate) and in step 
10 (phosphoenolpyruvate —> pyruvate). Refer to Figure 29.7. 


29.8 Step 1 is a nucleophilic acyl substitution at phosphorus (phosphate transfer) by the -OH 
group at C6 of glucose, with ADP as the leaving group. 


Step 2 is an isomerization, in which the pyranose ring of glucose 6-phosphate opens, 
tautomerism causes isomerization to fructose 6-phosphate, and a furanose ring is formed. 


Step 3 is a substitution, similar to the one in step 1, involving the -OH group at C1 of 
fructose 6-phosphate (phosphate transfer). 


Step 4 isa retro-aldol reaction that cleaves fructose 1,6-bisphosphate to glyceraldehyde 
3-phosphate and dihydroxyacetone phosphate. 


Step 5 is an isomerization of dihydroxyacetone phosphate to glyceraldehyde 3-phosphate 
that occurs by keto—enol tautomerization. 


Step 6 begins with a nucleophilic addition reaction to the aldehyde group of 
glyceraldehyde 3-phosphate by a thiol group of an enzyme to form a hemithioacetal, which 
is oxidized by NAD* to an acyl thioester. Nucleophilic acyl substitution by phosphate 
yields the product 1,3-bisphosphoglycerate. 


Step 7 is a nucleophilic acyl substitution reaction at phosphorus, in which ADP reacts 
with 1,3-diphosphoglycerate, yielding ATP and 3-phosphoglycerate (phosphate transfer). 


Step 8 is an isomerization of 3-phosphoglycerate to 2-phosphoglycerate. 
Step 9 is an E/cB elimination of H20 to form phosphoenolpyruvate. 


Step 10 is a substitution reaction at phosphorus that forms ATP and enolpyruvate, which 
tautomerizes to pyruvate (phosphate transfer). 
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29.9 
1CHO 1 CH,OPO,7— 1CH,OPO37 Triose 1 СН,ОРОЗ2- 
2 | | phosphate _ | 
H-C—OH 2C=0 20—0 = 2CHOH 
з! 3 | isomerase | 
HO--C—H HO--C—H Aldolase 3CH 20H 3 CHO 
H—C— OH H—C—OH Dihydroxy- 4 CHO 
5l 5! асеїопе 5! 
e UD Жр phosphate — * D RUE 
6 CH9OH 6CH50PO4^- 6 СНОРОЗ27 
Glucose Fructose Glyceraldehyde 
1,6-bisphosphate 3-phosphate 
3,4 CHO 3,4 COS. SCoA 
| | Pyruvate | 
2,5 СНОН =». 250—0 ———- 25C=O + 200, 
_ | dehydrogenase | 
1,6 CH2OPO3? 1,6 CH3 complex 1,6 СНз 
Glyceraldehyde Pyruvate Acetyl CoA 


3-phosphate 


Carbons 1 and 6 of glucose end up as -CH3 groups of acetyl CoA. and carbons 3 and 4 of 
glucose end up as СО». 


29.10 Citrate and isocitrate are tricarboxylic acids. Refer to Figure 29.12. 


29.11 
СО» 
H HO—H, в H Он 
Citrate cis-Aconitate (2R,3S)-Isocitrate 


29.12 The pro-R hydrogen is removed during dehydration, and the reaction occurs with anti 
geometry. 


HO COs H20 CO2 
\ 
СО» ы 0С СО» 


cis-Aconitate 
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29.13 First, 1,3-bisphosphoglycerate reacts with a cysteine residue of the enzyme in a 
nucleophilic acyl substitution reaction, with loss of phosphate. Then, reduction by NADH 
in a second nucleophilic acyl substitution reaction yields glyceraldehyde 3-phosphate. 


CH50POsS7 CH OPO% ` CONH, 

ү! EnZi-eH 

H pr 

`2 
H OH 
Glyceraldehyde 3-phosphat 2. 
yceraldehyde 3-phosphate СН,ОРОЗ 
29.14 
2- 2 
ОзРО = ОзРО 

3 CO» : CO," 


CH3 CH3 


PMP a-Ketoglutarate a-Keto acid imine tautomer 
Nucleophilic acyl substitution, followed by loss of water, forms the imine tautomer. 


ee ae 
HoN -KEnz; + Нам Еп) 
2-0зРО d 
27 3 a 
ОзРО = H СО» 
н со» | | 
ÇË uc 2 “2° м2 
2 | "NT — > b 
N 
IN H н 22 “о-н = 
а CH3 


a-Keto acid imine tautomer a-Keto acid imine 


A lysine residue deprotonates the carbon next to the ring, leading to tautomerization. 
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2~O3PO 2-0зРО 
H СО» zl "EM H н CO; 
| | H— Enz) | \_/ 
LOA BON Ae 
U COS. CO2 
CH3 CH3 
a-Keto acid imine PLP-glutamate imine 
Enzymatic protonation of the keto acid imine yields PLP glutamate imine. 
HoN Enz? "m ` 
2-ОзРО ш Kr 2-O4PO s | Ene 
H CO; H 5 
| ү е Асе RE ОЗ 
М} | А Мх | : ИП 
Pa Il. -H PA Il = 
CH3 CH3 
PLP-glutamate imine | 
2-O4PO à O3PO Р : ке! 
2 H Ni 
| "m H COs Riley ieee 
nz) CA 
i | “ут MNT i | A 
+ 
NS _H i NÍ HH 
H О ~ H О COS" 
СО» 2 
CH3 СНз 
PLP imine Glutamate 


Addition of the enzyme, followed by loss of glutamate, regenerates PLP imine. 
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29.15 Position leucine and o-ketoglutarate so that the groups to be exchanged are aligned. This 
arrangement makes it easy to predict the products of transamination reactions. 


| 
CHCHg 


ric + 


а 


СО» 
Leucine 


CH). —> 


a-Ketoglutarate 


GHCHg 
ps 
peg 


| 
CO, 


keto acid 


Im 


Со, 


Glutamate 


29.16 As in the previous problem, redraw the o-keto acid and align it with glutamate. By 
exchanging the keto group and the amino group, you can identify the amino acid as 


asparagine. 


[igit 
СО» 


keto acid 


ш кнн 
СО» 
Glutamate 


Visualizing Chemistry 


29.17 The amino acid precursors are valine (a) and methionine (b). 


(a) 
CH3 
онон, 
HC —NH3* 
Cog 
Valine 


(b) SCHy 
CH9 
сњ, 

К Nia? 


COS 
Methionine 


+ 


oe 
СО» 


a-Ketoglutarate 


5 
CO; 


a-Ketoglutarate 


anc 
CO; 


Asparagine 


CH» 
HOS Nis" 


COS 
Glutamate 
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29.18 The intermediate is (S)-malate. Refer to Figure 29.12. 


HH 
Vv 
2 574 М 20 


5 | (S)-Malate 


29.19 


Decarboxylation of the intermediate yields lysine. 


29.20 The intermediate is derived from D-erythrose. 


CHO 

H OH 

H OH 
CH20POs?- 


D-Erythrose 4-phosphate 


Additional Problems 

Enzymes and Coenzymes 

29.21 Digestion is the breakdown of bulk food in the stomach and small intestine. Hydrolysis of 
amide, ester and acetal bonds yields amino acids, fatty acids, and simple sugars, and these 


processes release energy. 


29.22 Metabolism refers to all reactions that take place inside cells. Digestion is a catabolic part of 
metabolism in which food is broken down into small organic molecules. 


29.23 Metabolic processes that break down large molecules are known as catabolism. Metabolic 
processes that assemble larger biomolecules from smaller ones are known as anabolism. 
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29.24 
NH» 
i N “№ 
-0—P=0 М | 
| 2 
OCH» N N 
О 
АМР 
Он OH 
29.25 
МН, 
№ EN 
C) 
2 
СН, N N 
7 О 
О 
\ cyclic АМР 
Р 
o^170 OH 
О 


29.26 ATP transfers a phosphate group to another molecule in anabolic reactions. 


29.27 МАР is a biochemical oxidizing agent that converts alcohols to aldehydes or ketones, 
yielding NADH and H* as byproducts. 


29.28 FAD is an oxidizing agent that introduces a conjugated double bond into a biomolecule, 
yielding FADH; as the reduced byproduct. 


29.29 (a) Pyridoxal phosphate is the cofactor associated with transamination. 
(b) Biotin is the cofactor associated with carboxylation of a ketone. 
(c) Thiamin diphosphate is the cofactor associated with decarboxylation of an o-keto acid. 


29.30 
OH NAD* NADH/H* O 
CH, HOO, E ME ae CH CCO," 
Lactate Pyruvate 


МАР? is needed to convert lactate to pyruvate because the reaction involves the oxidation 
of an alcohol. 
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Metabolism 
29.31 
"m 
CH3CCHsCSCoA + HSCoA ——* 2 CH3CSCoA 
Acetoacetyl CoA Acetyl CoA 
29.32 
(a) о FAD FADH) 9 
CH3CH5CH5CH5CH5CSCoA CH3CHaCHsCH =CHCSCoA 
Acyl CoA 
dehydrogenase 
(b) О он О 
|| Enoyl CoA | || 
CH3CHaCHsCH = CHCSCoA + H20 PERROT CH3CH2CH2CHCH2CSCoA 
hydratase 
(c) QH 9 NAD* NADH/H* 9 Q 
CH4CH5CH5CHCH5CSCOoA CH4CH5CH5CCH5CSCoA 
SENATE ? L-3-Hydroxyacyl CoA SOME : 
dehydrogenase 


29.33 The exact reverse of an energetically favorable reaction is energetically unfavorable. Since 
glycolysis is energetically favorable (negative AG?'), its exact reverse has a positive AG?; 
and is energetically unfavorable. Instead, glucose is synthesized by gluconeogenesis, an 
alternate pathway that also has a negative AG?'. 


29.34 (a) One mole of glucose is catabolized to two moles of pyruvate, each of which yields one 
mole of acetyl CoA. Thus, 


1.0 mol of glucose — > 2.0 mol of acetyl CoA 


(b) A fatty acid with n carbons yields n/2 moles of acetyl CoA per mole of fatty acid. For 
palmitic acid (C15H3; СОН), 


1.0 mol of palmitic acid x 8 mol of acetyl CoA —> 8.0 mol of acetyl CoA 
1 mol of palmitic acid 


(c) Maltose is a disaccharide that yields two moles of glucose on hydrolysis. Since each 
mole of glucose yields two moles of acetyl CoA, 


1.0 mol of maltose —> 2.0 mol of glucose —> 4.0 mol of acetyl CoA 
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29.35 (a) Glucose (b) Palmitic acid (c) Maltose 
Molecular 180.2 amu 256.4 amu 342.3 amu 
weight 
Moles in 0.5549 mol 0.3900 mol 0.2921 mol 
100.0 g 
Moles of 2х 0.5549 mol 8x 0.3900 mol 4 x 0.2921 mol 
acetyl CoA =1.110 mol = 3.120 mol = 1.168 mol 
produced 
Grams 898.6 g 2526 g 945.6 g 
acetyl CoA 
produced 


Palmitic acid is the most efficient precursor of acetyl CoA on a weight basis. 


29.36 
Amino acid a-Keto acid 
S Hs" [ 
СНЗОНОНСО;" ОнзОНОСО;” 
OH OH 
(b) мнз? 


О 
| || 
— ( paoor 


(c) + 
7 їз _ [AR E 
H9NCCH5CHCO» HoNCCH5CCO» 
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29.37 As we saw in Section 29.1, formation of glucose 6-phosphate from glucose and ATP is 
energetically favorable (negative AG°') The reverse reaction, transfer of a phosphate group 
to ADP from glucose 6-phosphate, is energetically unfavorable and doesn't occur 
spontaneously. Phosphate transfers to ADP from either 3-phosphoglyceroyl phosphate or 
phosphoenolpyruvate have negative AG?' values and are energetically favorable reactions. 

In chemical terms, the leaving groups in the reactions of 3-phosphoglyceroyl phosphate 
(carboxylate) and phosphoenolpyruvate (enolate) are more stable anions than the leaving 
group in the reaction of glucose (alkoxide), so these reactions are more favorable. 


QU | ORe | :Q: 
q^. ADG: "P 
RO— Р nO —- RO: + :O0—P—Nu 


s Nu" Y L Nu M = We 


Glucose 3-Phosphoglyceroyl Phosphoenolpyruvate 
phosphate 
RO - сно со; СО 
H—C —OH H—6—0H C—O 
HO E —H CH50PO;5? CHp 
H—Ç—OH 
H—Ç—OH 
CH0” 
29.38 
H H O—H* `:В H О 
A CCHOH COS bd 
Bic Ge ^Y € | 
О H—A A—H OH H OH 
H OH => H OH <= H OH 
H OH H OH H OH 
CH;,OPO4?^- CH;,OPO4^- CH;,OPO4^- 
Ribulose Ribose 
5-phosphate 5-phosphate 


The isomerization of ribulose 5-phosphate to ribose 5-phosphate occurs by way of an 
intermediate enolate. 
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29.39 This is a reverse aldol reaction, similar to step 4 of glycolysis. 


Nm н. UNA ет) „г 5 
(enz 3 NH; | rs. [| 
H—C—OH p+ но! Н (0H вет) H—C— OH 
ЕНЕ eee ноћ —- H—C-0 
H—C— OH Lx бас H—C— OH 
CH50PO5? CH50P0O5? CH2OPO;3 2 
| н;о 
venz} МН» + 9 
| 
СНОН 


29.40 The steps in the conversion of a-ketoglutarate to succinyl CoA are similar to steps in the 
conversion of pyruvate to acetyl CoA shown in Figure 29.11, and the same coenzymes are 
involved: lipoamide, thiamin diphosphate, acetyl CoA and NAD*. 


E Gre 


R' 2. CH3 
CH3 
_ HY `:В M 
С 
ОС ее + CO? 
c S 2 db os 
HS 
e SE <o s o s 
N—R 3 N—R ^| 
A" R" ~~ (s 
H i H—A 
L CH3 CH3 R" | 
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HSCoA HS R" 
NAD* NADH/H* 
+ HS 6. S 
N—R | 
= S 
R' HS R" 


Step 1: Nucleophilic addition of thiamin diphosphate ylid. 

Step 2: Decarboxylation. 

Step 3: Addition of double bond to lipoamide, with ring opening. 

Step 4: Elimination of thiamin diphosphate. 

Step 5: Nucleophilic addition of acetyl CoA to succinyl lipoamide and elimination of 
dihydrolipoamide to give succinyl CoA. 

Step 6: Reoxidation of dihydrolipoamide to lipoamide. 


29.41 Addition of -OH: For carbon 2, the top face is the Re face, and —OH adds from this 
face to give an R configuration at carbon 2. 


Addition of H*: For carbon 3, the top face is Si, and H* adds from the bottom, or Re, 
face to give an S configuration at carbon 3. The reaction occurs with anti geometry. 
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General Problems 


29.42 
/ sn-Glycerol 
+ 3-phosphate t 
N phosp 2 pro-S 
= 
Е 
== А  CONHo CONH, 
^ Dihydroxyacetone £N 
H phosphate IH! 
R Seu : 
^ NADH NADH ~PrO-R 
The face above the plane of the ring is the Si face. Since the problem states that addition of 
—H takes place from the Re face, the circled hydrogen comes from sn-glycerol. The added 
hydrogen has pro-R stereochemistry. 
29.43 
O HSCoA О О но HSCoa О О 
|| / | || ETE 
2 CH3CSCoA CH3CCH5CSCoA CH3CCH5CO . 
NADH/H 
Acetyl CoA Acetoacetyl CoA Acetoacetate 
СО; SY н NAD* 
Tod 
CH3CCH3 CH3CHCH2CO ~ 
Acetone 3-Hydroxybutyrate 
V 
3. 
ketone bodies 
29.44 


2C) O :O: 
G И еш а GI О 
С + n0. — —— CH3CCH»CSCoA 


—С [| 
НС ~SCoA НС” ^SCoA |H3C ^УЎСН2СЗСоА 


[50e і + 7SCoA 
29.45 Addition occurs from the Si face to form the А enantiomer. 
Re 
m H E n 
ч NE 
—- 
(> CH2COSACP H3C~R `7 “SACP 
HH 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


826 Chapter 29 


29.46 If dehydration removes the pro-R hydrogen and the resulting double bond is trans, as 
indicated, anti elimination must have taken place. 


HOH O He 
w^ 0 -H0 |o" 
————— 
HaC R nee “SACP нас SER "SACP 
H 


p НН м. 2 
pro-R pro-S trans-Crotonyl ACP 


29.47 


CH3CH2CH3CSACP 
Butyryl ACP 


The reduction is a syn addition. 


29.48 (a) The first sequence of steps in this mechanism involves formation of the imine (Schiff 
base) of sedoheptulose 7-phosphate, followed by retro-aldol cleavage to form erythrose 
4-phosphate and the enamine of dihydroxyacetone. 


СНОН 
CH5OH СНОН 7 eee эре 
zik [s mu ms Т: nz ; 
fenz3NH, C=O C=NH#enz } 
E E i HOCH ри но “н 
| } | m : 
H—C —OH H—C—O-H Bdenz| —- CHO 
| | A | 
H—C —OH H—C— OH H—C —OH 
H—C —OH H—C— OH H—C —OH 
CH2OPO3? CH2OPO3 27 СН,ОРОз 27 
Erythrose 
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(b) The enamine of dihydroxyacetone adds to glyceraldehyde 3-phosphate to yield fructose 
6-phosphate. This reaction is almost identical to the reaction pictured for Step 8 of 
gluconeogenesis in Section 29.8. 


СНОН 
СИРЕК CHOH CHOH 
C NH / nz n ДА | 2 
P S "ou “enz ] 120 
HO” ^H — | Ho—C—H we. НОСА HaNHenz } 
н y2O | | 
c рК H—C—OH H—G—OH 
H—G—OH H—G—OH H—G—OH 
2— 
CH50P0s 2 СН,ОРОз 2 СН,ОРОЗ 
Fructose 6-phosphate 
29.49 
Ri CH3 
CH5OH ) = | К 
S N 
De LN oS 
\ 9» HA (a) 
–.; HO H HOCH OH 
Qe g 
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Ri | CH3 
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CH5OH e R HOCH, Юн 
+ H OH 
О HOCH; O—H : 
О H CH3OPOs4* 
HO H HO H [ Y) “7 а 
B A—H-—^ Glyceraldehyde 
H OH H OH H OH 3-phosphate 
H OH H OH H OH 
H OH H OH H OH 
CH;,OPO4^- CH OPO CH,OPO4^- 
Sedoheptulose Ribose 


7-phosphate 


5-phosphate 
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29.50 
COs" :0:) О | СОЛО 36 | 
< CO ———- Pr ND. = 
И Кол А xs Nu : 
Nu: addition of L J 
Maleoylacetoacetate nucleophile bond 
.... | rotation 
АДД, | ч | | | 
2 ENS COS pur E NE СО» 
O2C expulsion of | O2C 
+ "Nu: nucleophile L - 
Fumaroylacetoacetate 
29.51 
O uo | dor :0!) | 
e P Gee ae. z Е гемо — 
оС C ^ 0,6 Ss : 
eS + 
- leophilic ^ Но Ee 
: OH а и retro-Claisen 
addition condensation 
of water 
= И“ СО; ? 
2 
+ 
29.52 The first step in the conversion acetoacetate — —> acetyl CoA is the formation of 


acetoacetyl CoA. This reaction also occurs as the first step in fatty acid catabolism. 
Although we haven't studied the mechanism, it involves formation of a mixed anhydride. 


HSCoA, ATP AMP, PP; 
O O O O 


The final step is a retro-Claisen reaction, whose mechanism is pictured in Section 29.3 as 
Step 4 of p-oxidation of fatty acids. 


:0:) о if сог :0:) | о 


-{5СоА НЅСоА :О: 
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Now is a good time to use retrosynthetic analysis, which was first encountered in Chapter 
9. In this degradative pathway, what might be the precursor to acetyl CoA (the final 
product)? Pyruvate is a good guess, because we learned how to convert pyruvate to acetyl 
CoA in Section 29.6. How do we get from serine to pyruvate? A transamination reaction is 
a possibility. However, the immediate transamination precursor to pyruvate is the amino 
acid alanine, which differs from serine by one hydroxyl group. Thus, we probably have to 
design a pathway from serine to pyruvate that takes this difference into account. 


Many routes are possible, but here's the simplest: 


О om О om О on 
ce SNC^ tautomer- зе 
y elimination | ization | 
нәм Сун ИЕ CES ENS 
Шү CH2 CH2 CH3 
Serine hydrolysis | НО 
О on 
NADH/H* МАР? `c E 
О SCoA 
CO, + *с^7 о=с 
CH3 HSCoA CH3 
Acetyl CoA Pyruvate 


The coenzymes thiamin diphosphate and lipoamide are involved in the last step. 


qr (оғ (оғ (оғ 
(0 * H—G—NHp ——- H—C—NHe + с=0 
CH50PO5?7 Снр CH50PO4 27 бн» 
СН» ie 
3-Phosphohy- CO,” 3-Phosphoserine COS 
droxypyruvate 


This reaction is a transamination that requires the coenzyme pyridoxal phosphate as a 
cofactor. The mechanism, which is described in Figure 29.14, involves two steps. The 
first step is the nucleophilic addition of glutamate nitrogen to the aldehyde group of 
pyridoxal phosphate to yield an imine intermediate, which is hydrolyzed to give a- 
ketoglutarate plus a nitrogen-containing pyridoxal phosphate byproduct. 
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2-0зРО т _ 2-0зРО т pos 
H CO 
| P n | [ns 
Aye wi S M у: 
Ni i N 
/ ~ an Z 
СНз : СНз 
Pyridoxal phosphate Glutamate 
| но 
?-04PO cor 
+ Ls 
2 NH» сњ 
Nx CH 
H^ N OH Ma 
COS 
CH3 


This byproduct reacts with 3-phosphohydroxypyruvate to give 3-phosphoserine plus 
regenerated pyridoxal phosphate. 


?-OgPO ?-OgPO Е 

CO, Te 

+ | C 

ES I m RS d N^ “снороз2- 
2— 
CH2OPO 
Nt 2 3 М. 4 
H^ N OH HU OH 
3-Phosphohy- 


CH3 droxypyruvate - CH3 - 
| H2O 
2-0зРО 
{ + о 
| CH20POs* 7 
N + 
х ч . 
H OH 3-Phosphoserine 
CH3 
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29.55 
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CO? d ^ ; H 
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<!CH»CSCoA SEU е0 mE 
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О с“ H OH addition 
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[| + CO», 
О 
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29.56 
(a) 
" Но МНА? 7 " 
BQO C HCH Ur lat HO тые HOOP са 
+ 
*NHs NH3 О * NH3 
Cystathionine 
(b) y B H—A 
OH Uo О О 
_ || ay | Е! NS 
OGER Via euo —- gear hs * HSCHZOMEO 
+ 
О + NH3 O NH3 
Cysteine 
c 
a | FADH, FAD 
ТОСССН = СН, " OCCCH5CHs 


Д Д 
О О 
a-Ketobutyrate 
The product of double-bond reduction is o-ketobutyrate. FADH; is the necessary 
coenzyme. 
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Review Unit 11: Biomolecules II — 
Lipids, Nucleic Acids, Metabolic Pathways 


Major Topics Covered (with vocabulary): 


Lipids: 

wax fat oil triacylglycerol fatty acid polyunsaturated fatty acid soap saponification micelle 
phosphoglyceride sphingolipid lipid bilayer sphingosine sphingomyelin prostaglandin 
terpenoid essential oil monoterpenoid sesquiterpenoid isopentenyl diphosphate steroid 
hormone sex hormone adrenocortical hormone androgen estrogen mineralocorticoid 
glucocorticoid squalene lanosterol 


Nucleic acids and nucleotides: 

nucleoside nucleotide deoxyribonucleic acid (DNA) ribonucleic acid (RNA) adenine guanine 
thymine cytosine 3'end 5'end base pairing double helix complementary pairing major 
groove minor groove intercalation 


Nucleic acids and heredity: 

replication semiconservative DNA polymerase replication fork DNA ligase transcription 
mRNA rRNA tRNA sense (coding) strand antisense (noncoding) strand promoter sites 
exon intron translation codon anticodon 


DNA technology: 

DNA sequencing Maxam-Gilbert method restriction endonuclease restriction fragment 
palindrome Sanger dideoxy method DNA synthesis DMT ether phosphoramidite phosphite 
polymerase chain reaction (PCR) 


Metabolic pathways: 

metabolism anabolism catabolism digestion phosphoric acid anhydride ATP NADt 
NADH/H* £-oxidation pathway glycolysis Schiff base pyruvate acetyl CoA pyruvate 
dehydrogenase complex thiamine lipoamide citric acid cycle electron-transport chain 
transamination oxidative deamination gluconeogenesis biotin 


Types of Problems: 
After studying these chapters you should be able to: 


— Draw the structures of fats, oils, steroids and other lipids. 

— Determine the structure of a fat. 

— Predict the products of reactions of fats and steroids. 

— Locate the five-carbon units in terpenoids. 

— Understand the mechanism of terpenoid and steroid biosynthesis. 

— Draw the structures and conformations of steroids and other fused-ring systems. 
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Draw purines, pyrimidines, nucleosides, nucleotides, and representative segments of DNA and 
their complements. 

List the base sequence that codes for a given amino acid or peptide. 

Deduce an amino acid sequence from a given mRNA sequence (and vice versa). 

Draw the anticodon sequence of tRNA, given the mRNA sequence. 

Outline the process of DNA sequencing, and deduce a DNA sequence from an electrophoresis 
pattern. 

Outline the method of DNA synthesis, and formulate the mechanisms of synthetic steps. 


Explain the basic concepts of metabolism, and understand the energy relationships of 
biochemical reactions. 

Answer questions relating to the metabolic pathways of carbohydrates, fatty acids and amino 
acids. 

Formulate mechanisms for metabolic pathways similar to those in the text. 


Points to Remember: 


* 


When trying to locate the five-carbon units in a terpenoid, look for an isopropyl group first; at 
least one should be apparent. After finding it, count 5 carbons, and locate the second five- 
carbon unit. If there are two possibilities for the second unit, choose the one that has the 
double bond in the correct location. 


In general, the reactions of steroids that are presented in this book are familiar and 
uncomplicated. Keeping track of the stereochemistry of the tetracyclic ring system is somewhat 
more complicated. 


In situations where base-pairing occurs, such as replication, transcription or translation, a 
polynucleotide chain (written with the 5' end on the left and the 3' end on the right) pairs with 
a second chain (written with the 3' end on the left and the 5' end on the right). Base pairing is 
complementary, and the two chains are always read in opposite directions. 


Note the difference between transamination and oxidative deamination. Transamination is a 
reaction in which an amino group of an a-amino acid is transferred to o-ketoglutarate, yielding 
an a-keto acid and glutamate. In oxidative deamination, glutamate loses its amino group in an 
NAD*-dependent reaction that regenerates a-ketoglutarate and produces NH4*. 


Look at the steps of glycolysis, and then look at the steps of gluconeogenesis. Several steps in 
one pathway are the exact reverse of steps in the other pathway because the energy required for 
these steps is small. Other, high-energy transformations must occur by steps that are not the 
exact reverse and that require different enzymes. Gluconeogenesis is a metabolic pathway that 
takes place mainly during fasting and strenuous exercise because dietary sources of 
carbohydrates are usually available. 


The conversion pyruvate — acetyl CoA is catalyzed by pyruvate dehydrogenase complex. The 
conversion acetyl CoA — carbohydrates doesn't occur in animals because they can obtain 
carbohydrates from food and don't usually need to synthesize carbohydrates. Only plants can, 
at times, use acetyl CoA to synthesize carbohydrates. 
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Self-test: 


NC МН» 
CH3 77, 
HC CHO 7 ' 
m 
HOCH, N N 
О 
A CH3 OH в OH 
Lactaroviolin Toyocamycin 
(an antibiotic) (an antibiotic) 


What type of terpenoid is A? Show the location of the five-carbon units. 


Toyocamycin (B) is related to which nucleoside? What are the differences between B and the 
nucleoside? 


3 i} 5 i} 
—ACG-CCT-TAG-GGC-TTA-GGA- 
C 


C represents a segment of the antisense strand of a molecule of DNA. Draw: (a) the sense 
strand; (b) the mRNA that is synthesized from C during transcription; (c) the tRNA anticodons that 
are complementary to the mRNA codons; (d) the amino acids (use one-letter codes) that form the 
peptide that C codes for. 


d i 
-OC — CH» - CH E —CO5 = 7056 —CH»5-CH5 — СО» + H—C—COs,- 
D OH E 


The above reaction is part of a metabolic pathway that occurs in plants. Identify D and E. 
What type of reaction is taking place? Do think that NADt, FAD, or ATP are needed for this 
reaction to occur? 


Multiple choice: 


1. Which type of molecule is most likely to be found in a lipid bilayer? 
(a) triacylglycerol (b) prostaglandin (c)sphingomyelin (d) triterpene 


2. Which of the following terpenoids might have been formed by a tail-to-tail coupling? 
(a) monoterpenoid (b)sesquiterpenoid (c)diterpenoid (d) triterpenoid 
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Prostaglandins and related compounds have all of the following structural features in 
common except: 
(a) cis double bonds (b) a carboxylic acid group (c) a Coo chain (d) hydroxyl groups 


Which of the following steps doesn't occur in the synthesis of isopentenyl diphosphate? 
(a) Claisen condensation. (b) oxidation (c) aldol condensation (d) decarboxylation 


Which nucleic acid has nonstandard bases, in addition to the usual bases? 
(a) DNA (b) mRNA (c)rRNA (d)tRNA 


Which base doesn't need a protecting group in DNA synthesis? 
(a) Thymine (b) Cytosine (c) Adenine (d) Guanine 


Which amino acid has only one codon? 
(a) Tyrosine (b) Arginine (c) Lysine (d) Tryptophan 


Which of the following enzyme cofactors is not involved in the conversion of pyruvate to 
acetyl CoA? 
(a) Thiamine pyrophosphate (b) Pyridoxal phosphate (c) Lipoamide (d) NAD+ 


Which of the following steps of the citric acid cycle doesn't produce reduced coenzymes? 
(a) Isocitrate — o-Ketoglutarate (b) o-Ketoglutarate — Succinyl CoA 
(c) Fumarate = Malate (d) Succinate —^ Fumarate 


The amino acid aspartate can be metabolized as what citric acid cycle intermediate after 
transamination? 
(a) Oxaloacetate (b) Malate (c) o-Ketoglutarate (d) Succinate 
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Chapter 30 – Orbitals and Organic Chemistry: 


Pericyclic Reactions 


Chapter Outline 


I. Molecular orbitals and pericyclic reactions of conjugated pi systems (Section 30.1). 
A. Molecular orbitals of conjugated л systems. 
1. The p orbitals of the sp^-hybridized carbons of a polyene interact to form a set of л 
molecular orbitals. 
2. The energies of these orbitals depend on the number of nodes they have. 
a. The molecular orbitals with fewer nodes are bonding MOs. 
b. The molecular orbitals with more nodes are antibonding MOs. 
3. A molecular orbital description can be used for any conjugated л system. 
a. Inthe ground state, only the bonding orbitals are used. 
b. On irradiation with UV light, an electron is promoted to an antibonding orbital. 
1. This is known as an excited state. 
B. Molecular orbitals and pericyclic reactions. 
1. The mechanisms of pericyclic reactions can be explained by molecular orbital 
theory. 
a. A pericyclic reaction can take place only if the lobes of the reactant MOs have 
the correct algebraic sign in the transition state. 
b. If the symmetries of both reactant and product orbitals correlate, the reaction is 
symmetry-allowed. 
c. Ifthe symmetries don't correlate, the reaction is symmetry-disallowed. 
i. The reaction may still take place, but only by a nonconcerted, high-energy 
pathway. 
2. A modification of MO theory states that only two MOs need be considered (frontier 
orbitals): 
a. The highest occupied molecular orbital (HOMO). 
b. The lowest unoccupied molecular orbital (LUMO). 
П. Electrocyclic reactions (Sections 30.2—30.4). 
A. General description of electrocyclic reactions Section 30.2). 
1. Nature of electrocyclic reactions. 
a. Anelectrocyclic reaction involves the cyclization of a conjugated polyene. 
1. Опе x bond is broken, a new o bond is formed and a cyclic compound 
results. 
b. Hlectrocyclic reactions are reversible. 
1. The triene—cyclohexadiene equilibrium favors ће ring-closed product. 
ii. The diene-cyclobutene equilibrium favors the ring-opened product. 
2. Stereochemistry of electrocyclic reactions. 
а. A specific E,Z bond isomer yields a specific cyclic stereoisomer under thermal 
conditions. 
b. The stereochemical results are opposite when the reactions are carried out under 
photochemical conditions. 
3. Orbital explanation for outcomes of electrocyclic reactions. 
a. The signs of the outermost lobes of the interacting orbitals explain these results. 
i. Fora bond to form, the lobes must be of the same sign. 
b. The outermost z lobes of the polyene must rotate so that the lobes that form the 
bonds are of the same sign. 
i. Ifthe lobes are on the same side of the molecule, the lobes must rotate in 
opposite directions — disrotatory motion. 
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ii. If the lobes of the same sign are on opposite sides of the polyene, both 
lobes must rotate in the same direction — conrotatory motion. 


B. Stereochemistry of thermal electrocyclic reactions (Section 30.3). 


b. 
2. 


The stereochemistry of an electrocyclic reaction is determined by the symmetry of 

the polyene HOMO. 

The ground-state electronic configuration is used to identify the HOMO for thermal 

reactions. 

a. Fortrienes, the HOMO has lobes of like sign on the same side of the molecule, 
and ring-closure is disrotatory. 

b. For dienes, ring closing is conrotatory. 

In general, polyenes with odd numbers of double bonds undergo disrotatory 

thermal electrocyclic reactions, and polyenes with even numbers of double bonds 

undergo conrotatory thermal electrocyclic reactions. 


C Stereochemistry of photochemical electrocyclic reactions (Section 30.4). 


ly 
2 


3: 


UV irradiation of a polyene causes excitation of one electron from the ground-state 
HOMO to the ground-state LUMO. 

UV irradiation changes the symmetry of HOMO and LUMO and also changes the 
reaction stereochemistry. 

a. Photochemical electrocyclic reactions of trienes occur with conrotatory motion. 
b. Photochemical electrocyclic reactions of dienes occur with disrotatory motion. 
Thermal and photochemical electrocyclic reactions always take place with opposite 
stereochemistry. 


III. Cycloaddition reactions (Sections 30.5—30.6). 
A. General description of cycloaddition reactions (Section 30.5). 


is 
2: 


A cycloaddition reaction is a reaction in which two unsaturated molecules add to 

give a cyclic product. 

Cycloadditions are controlled by the orbital symmetry of the reactants. 

a. Reactions that are symmetry-disallowed either don't take place or occur by a 
higher-energy nonconcerted pathway. 


. The Diels—Alder cycloaddition is an example. 


a. Reaction occurs between a diene and a dienophile to yield a cyclic product. 

b. The products have a specific stereochemistry. 

c. The reaction is known as a [4 + 2] cycloaddition. 

Cycloadditions can only occur if the terminal x lobes have the correct 

stereochemistry. 

a. In suprafacial cycloadditions, a bonding interaction takes place between lobes 
on the same face of one reactant and lobes on the same face of the other 
reactant. 

b. Antarafacial cycloadditions occur between lobes on the same face of one 
reactant and lobes on opposite faces of the other reactant. 

c. Often, antarafacial cycloadditions are symmetry-allowed but geometrically 
constrained. 


B. Stereochemistry of cycloadditions (Section 30.6). 


R 
2. 


A cycloaddition reaction takes place when a bonding interaction occurs between the 

HOMO of one reactant and the LUMO of the other reactant. 

The symmetries of the terminal lobes of the HOMO and LUMO of the reactants in a 

[4 + 2] thermal cycloaddition allow the reaction to proceed with suprafacial 

geometry. 

For [2 + 2] cycloadditions: 

a. Orbital symmetry shows that thermal cyclization must occur by an antarafacial 
pathway. 

b. Because of geometrical constraints, thermal [2 + 2] cycloadditions aren't seen. 
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c. Photochemical [2 + 2] cycloadditions take place because the addition can occur 
by a suprafacial pathway. 
4. Thermal and photochemical cycloadditions always take place by opposite 
stereochemical pathways. 
IV. Sigmatropic rearrangements (Sections 30.7—30.8). 
A. General description of sigmatropic rearrangements (Section 30.7). 
1. Inasigmatropic rearrangement, a o-bonded atom or group migrates across a x 
electron system. 
a. A o bond is broken, the л bonds move, and a new o bond is formed in the 
product. 
b. The o bonded group can be either at the end or in the middle of the л system. 
c. The notation [3,3] indicates the positions in the groups to which migration 
occurs. 
2. Sigmatropic rearrangements are controlled by orbital symmetry. 
a. Migration of a group across the same face of the л system is suprafacial 
rearrangement. 
b. Migration from one face to the other face is antarafacial rearrangement. 
c. Both types of rearrangements are symmetry-allowed, but suprafacial 
rearrangements are geometrically easier. 
B. Examples of sigmatropic rearrangements (Section 30.8). 
1. The [1,5] migration of a hydrogen atom across two double bonds of a л system is 
very common. 
a. Thermal [1,3] hydrogen shifts are unknown. 
2. The Cope rearrangement and the Claisen rearrangement involve reorganization of an 
odd number of electron pairs and proceed by suprafacial geometry. 
V. Asummary of rules for pericyclic reactions (Section 30.9). 
A. Thermal reactions with an even number of electron pairs are either conrotatory or 
antarafacial. 
B. A change from thermal to photochemical, or from even to odd, changes the outcome to 
disrotatory/suprafacial. 
C. A change of both thermal and even causes no change. 


Solutions to Problems 


30.1 For ethylene: 


V»* 
LUMO — HOMO —|- 
E —— Antibonding MO ho 
on — 
© 
|| Two 2p atomic orbitals HOMO -Ң- A 
Bonding MO Ground state Excited state 


The two z electrons of ethylene occupy y in the ground state, making yı the HOMO and 
mu the LUMO. In the excited state, one electron occupies y; and the other occupies y», 
making y» the HOMO. Since all orbitals are occupied in the excited state, there is no 
LUMO. 
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For 1,3-butadiene: 


Ve X DEUX 
2m LUMO — HOMO a 
BEES : 


Four 2p atomic orbitals 2 Riy HOMO Ar E 
V n Jr AL. i 


Ground state Excited ee 


In the ground state, y» is the HOMO, and ys is the LUMO. In the excited state, їз. is the 
HOMO, and ya is the LUMO. 


$ P dor Bru 4—7 


Епегоу 


30.2 


СНз СНз 
cis e octatriene trans T 
HOMO (not formed) 


The symmetry of the octatriene HOMO predicts that ring closure occurs by a disrotatory 
path in the thermal reaction and that only cis product is formed. 


30.3 Note: Trans-3,4-dimethylcyclobutene is chiral; the S,S enantiomer will be used for this 
argument. 
Path A: 


т 


H3C 


Conrotatory ring opening of trans-3,4-dimethylcyclobutene can occur in either a clockwise 
or a counterclockwise manner. Clockwise opening (path A) yields the E,E isomer; 
counterclockwise opening (path B) yields the Z,Z isomer. Production of (2Z,4Z)-2,4- 
hexadiene is disfavored because of steric strain between the methyl groups in the transition 
state leading to ring-opened product. 
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ee 
CH3 H 
H H 
Hae CH 


3 
(2Е,47,6Е)- 
2,4,6-Octatriene trans-5,6-Dimethyl- 
Ground state HOMO Excited state HOMO 1,3-cyclohexadiene 
dvo conten 5 c 
нў Ch; H H oe СНз 
(2Е,47,67)- 
2,4,6-Octatriene cis-5,6-Dimethyl- 
Ground state HOMO Excited state HOMO 1,3-cyclohexadiene 


Photochemical electrocyclic reactions of 6 x electron systems always occur in a conrotatory 


manner. 
30.5 
(2E,4E)-2,4-Hexadiene (2E,4Z)-2,4-Hexadiene 
i |t 
H СНз 
СНз H 
H H 
H H | 


: un H H3C H 
НзС CH3 H ame CH3 


The Diels-Alder reaction is a thermal [4 + 2] cycloaddition, which occurs with suprafacial 
geometry. The stereochemistry of the diene is maintained in the product. 
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30.6 


N heat 


Diene Y 


\\ Triene 
Ё o LUMO J 


The reaction of cyclopentadiene and cycloheptatrienone is a [6 + 4] cycloaddition. This 
thermal cycloaddition proceeds with suprafacial geometry since five electron pairs are 
involved in the concerted process. The л electrons of the carbonyl group do not take part in 
the reaction. 


30.7 This [1,7] sigmatropic reaction proceeds with antarafacial geometry because four electron 
pairs are involved in the rearrangement. 


| |} 
———- ——- 
= = H 
== СН» 
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30.8 Scrambling of the deuterium label of 1-deuterioindene occurs by a series of [1,5] 
sigmatropic rearrangements. This thermal reaction involves three electron pairs — one pair 
of л electrons from the six-membered ring, the electrons from the five-membered ring, 
and two electrons from a carbon-deuterium (or hydrogen) single bond — and proceeds with 


suprafacial geometry. 


[1,5] D 
D shift 
== 
Н 
[1,5] Н [1,5] Н 
shift shift 
[1,5] H 
shift 
D 
H 
H 
30.9 
1 
Base r J 
19) aa 10 2 1 H 
2А CN CH АК л. СН5СН= СН; 
3 heat Ho 
== 3 3 к” 


The Claisen rearrangement of an unsubstituted allyl phenyl ether is a [3,3] sigmatropic 
rearrangement in which the allyl group usually ends up in the position ortho to oxygen. In 
this problem both ortho positions are occupied by methyl groups. The Claisen intermediate 
undergoes a second [3,3] rearrangement, and the final product is p-allyl phenol. 
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ЭА T CH, CH T 
3 
HaC = HC 2 H3C CH 
[3.3] [3.3] 
hift Y hift 
shi shi 
So 
H 
i NM. Ness 
OH 
H3C CH3 
2 
30.10 Number of 
Type of reaction electron pairs Stereochemistry 
(a) Thermal electrocyclic four conrotatory 
(b) Photochemical electrocyclic four disrotatory 
(c) Photochemical cycloaddition ^ four suprafacial 
(d) Thermal cycloaddition four antarafacial 
(e) Photochemical sigmatropic four suprafacial 
rearrangement 


Visualizing Chemistry 


Ves I : | | 
CH 
Has un N У 


CH=CH CH— CH3 


30.11 


This reaction is a [3,3] sigmatropic rearrangement that yields 1,5 -cyclodecadiene as a 
product. 


13,31 3] 

Tu 
The ^C NMR — of homotropilidene an show five peaks if rearrangement, were 
slow. In fact, rearrangement occurs at a rate that is too fast for NMR to detect. The °C 
NMR spectrum taken at room temperature is an average of the two equilibrating forms, in 


which positions 1 and 5 are equivalent, as are positions 2 and 4. Thus, only three distinct 
types of carbons are visible in the ^C NMR spectrum of homotropilidene. 


30.12 
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Additional Problems 


Electrocyclic Reactions 


30.13 
(a) 


Rotation of the orbitals in the 6 x electron system occurs in a disrotatory fashion. 
According to the rules in Table 30.1, the reaction should be carried out under thermal 
conditions. 


Ground state HOMO 


Excited state HOMO 


For the hydrogens to be trans in the product, rotation must occur in a conrotatory manner. 
This can happen only if the HOMO has the symmetry pictured. For a 6 zxelectron system, 
this HOMO must arise from photochemical excitation of a x electron. To obtain a product 
having the correct stereochemistry, the reaction must be carried out under photochemical 
conditions. 
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30.14 The diene can cyclize by either of two conrotatory paths to form cyclobutenes A and B. 


CeH5 CgHs 


Opening of each cyclobutene ring can occur by either of two conrotatory routes to yield the 
isomeric dienes. Using B as an example: 


CgHs 


B CgHs5 CgHs 
D4C VACUA D4C КАУ B 
CeHs CeHs CeHs CeHs 
heat heat 
CgHs CeHs CgHs сень 
CgHs CgHs D3C H3 
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30.15 A photochemical electrocyclic reaction involving two electron pairs proceeds in a 
disrotatory manner (Table 30.1). 


aa 
H H H H 
Neh ЧҮ, 


Ground state HOMO Excited state HOMO 


| 


H H 


The two hydrogen atoms in the four-membered ring are cis to each other in the cyclobutene 
product. 


30.16 The cyclononatriene is a 6 x electron system that cyclizes by a disrotatory route under 
thermal conditions. The two hydrogens at the ring junction have a cis relationship. 


XH 1 


heat 
а= LL 
H 
H 
30.17 
heat 
+ 
/ conrotatory 
JZ ON x K 
H3C СНз H3C СНз 
у 20 
H3C CH; N Av, 
disrotatory 
(2E,4Z,6Z,8E)- 
2,4,6,8-Decatetraene 
H3C CH3 


Four electron pairs undergo reorganization in this electrocyclic reaction. The thermal 
reaction occurs with conrotatory motion to yield a pair of enantiomeric trans-7,8-dimethyl- 
1,3,5-cyclooctatrienes. The photochemical cyclization occurs with disrotatory motion to 


yield the cis-7,8-dimethyl isomer. 
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30.18 
Jm 
J conrotatory 
p. \М 
CH 
үу 3 
CH3 NN OL 
disrotatory 
(2E,4Z,6Z,8Z)- 
2,4,6,8-Decatetraene 
30.19 


Thermal 
reaction: disrotatory 
LL 
HO) 
HOMO 7 
Photochemical 

reaction: 

— oe 
H =) 


HOMO 


Two electrocyclic reactions, involving three electron pairs each, occur in this 
isomerization. The thermal reaction is a disrotatory process that yields two cis-fused six- 
membered rings. The photochemical reaction yields the trans-fused isomer. The two pairs 
of л electrons in the eight-membered ring do not take part in the electrocyclic reaction. 


Cycloaddition Reactions 


heat s 
———- H == + 
Н 


This reaction is a reverse [4 + 2] cycloaddition. The reacting orbitals have the correct 
symmetry for the reaction to take place by a favorable suprafacial process. 


30.20 
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Т оо 


This [2 + 2] reverse cycloaddition is not likely to occur as а concerted process because ће 
antarafacial geometry required for the thermal reaction is not possible for a four z-electron 


system. 
30.21 
e О E 
I ї P 
Pa | 
О / 
О 
ч ы CO2CH3 
“a ,COsCH3 => / 
Diene ‘ CO2CH3 
LUMO DUE 
L GoscH,. ~ HOMO. а 


Formation of the bicyclic ring system occurs by a suprafacial [4 + 2] Diels-Alder 
cycloaddition process. Only one pair of x electrons from the alkyne is involved in the 


reaction; the carbonyl x electrons are not involved. 


Г " J] 
/ СО» 
О 0 HOMO 

| CO5CH3 CO5CHs5 
heat 
—- + соь 

| CO;CH; CO2CH3 
Diene 
~ LUMO E 


Loss of CO; is a reverse Diels—Alder [4 + 2] cycloaddition reaction. 
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CgHs : 
9 О 
N heat CeHs CH3 


° j= УТ) 


N 
| a CHO 
- OHC а 


The first reaction is a Diels-Alder [4 + 2] cycloaddition, which proceeds with suprafacial 
geometry. 


30.22 


CS ———— CgH5C == М of O 


e ш Z “сно 


The second reaction is a reverse Diels-Alder [4 + 2] cycloaddition. 


Sigmatropic Rearrangements 


30.23 
4 3 [5,5] 
n d po P 9 shift 
2 4 heat 


This thermal sigmatropic rearrangement is a suprafacial process since five electron pairs are 
involved in the reaction. 
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30.24 The product of this [3,3] sigmatropic rearrangement is an enol that tautomerizes to a 


ketone. 
3 
2 j € | 2 OH О 
OH —> — 
3 ENS 9 
30.25 E 
ке 3 | 
1 1,3 
// RU O 3 
-—— — — — 
1 2 heat 
1 2 
Vinylcyclopropane Cyclopentene 
This reaction is a [1,3] sigmatropic rearrangement. 
30.26 
[3.3] 
CH : CH 10 
[ à. ?,cH, hif in [ 
л) eu heat DE A Uu aoe 
хыз d 
ii 
H 
An allene is formed by a [3,3] sigmatropic rearrangement. 
CH О | CH :OH 
a [ Ды м 
H3C —C —C-—CH-—CH2CCH4 =— | НЗС ~—C=C=CH—CH=CCH3 
L „ A) 
A—H 


H 
тз [ 
Sao 5 HsC— C—6— CH —CHCCH; 


H 


Acid catalyzes isomerization of the allene to a conjugated dienone via an intermediate enol. 
30.27 


1 
O1 
H3C а, 2 
X [3,3] shift 
3 Р heat 
CH3 


Karahanaenone 
Karahanaenone is formed by a [3,3] sigmatropic rearrangement (Claisen rearrangement). 
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General Problems 


30.28 Tables 30.1—30.3 may be helpful. The first step is always to find the number of electron 
pairs involved in the reaction. 


Number of 
Type of reaction electron pairs Stereochemistry 
(a) Photochemical [1,5] 3 antarafacial 
sigmatropic rearrangement 
(b) Thermal [4 + 6] cycloaddition 5 suprafacial 
(c) Thermal [1,7] sigmatropic 4 antarafacial 
rearrangement 
(d) Photochemical [2 + 6] 4 suprafacial 
cycloaddition 
30.29 
H CD H D НС D 
H g F H D PAS D 
SP ——— 
-—— — <= 
H EN H D 4 D 
H CD93 H D Н2С D 


Each of the two electrocyclic reactions involves two pairs of electrons and proceeds in a 
conrotatory manner. 


30.30 Ring opening of Dewar benzene is a process involving two electron pairs and, according to 
Table 30.1, should occur by a conrotatory pathway. However, if you look back to other 
ring openings of cis-fused cyclobutenes, you will see that conrotatory ring opening 
produces a diene in which one of the double bonds is trans. Since a trans double bond in a 
six-membered ring is not likely to be formed, ring opening occurs by a different, higher 
energy, nonconcerted pathway. 


30.31 
conrotatory 
———— 
Sn 
і 
H H 
conrotatory 
H H 


Ring opening of the trans-cyclobutene isomer proceeds by the expected conrotatory route 
to form the observed product. For the cis-cyclobutene isomer, the observed product can be 
formed by a four-electron pericyclic process only if the four-membered ring geometry is 
trans. Ring opening of the cis isomer by a concerted process would form a severely 
strained six-membered ring containing a trans double bond. Reaction of the cis isomer to 
yield the observed product occurs instead by a higher energy, nonconcerted path. 
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30.32 


hv 


hv 


Both reactions are [2 + 2] photochemical electrocyclic reactions, which occur with 
disrotatory motion. 


A [3,3] shift [3,3] shift C» 
ILU ———— etc. 
X f Eo —— чи ———— 


Bullvalene 


30.33 


Bullvalene can undergo [3,3] sigmatropic rearrangements in all directions. At 100 °C, the 
rate of rearrangement is fast enough to make all hydrogen atoms equivalent, and only one 
signal is seen in the IH NMR spectrum. 
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30.34 
Suprafacial shift: i 


Et 


4 H3C к XP CH, 


z D 
Et H 
B H CH3 
Antarafacial shift: 
E D 
CH3 R 
H 
А C CH3 
Et ——— not formed 
H р 
HC CH3 
AN Et t 
=” H3C H 
Et S 
B B z not formed 


The observed products A and B result from a [1,5] sigmatropic hydrogen shift with 
suprafacial geometry, and they confirm the predictions of orbital symmetry. C and D are 
not formed. 


30.35 
_CHg ї CH, 
| ME a Ея 


O—S—CHg 


This [2,3] sigmatropic rearrangement involves three electron pairs and should occur with 
suprafacial geometry. 
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30.36 


H 
H 
Н 
а 
н 


ul A 
К uA 


Concerted thermal ring opening of a cis-fused cyclobutene is conrotatory and yields a 
product having one cis and one trans double bond. The ten-membered ring product of 
reaction 2 is large enough to accommodate a trans double bond, but a seven-membered 
ring containing a trans double bond is highly strained. Opening of the cyclobutene ring in 
reaction 1 occurs by a higher energy nonconcerted process to yield a seven-membered ring 
having two cis double bonds. 


СО 


Thermal ring opening of ће methylcyclobutene ring can occur by either of two symmetry- 
allowed conrotatory paths to yield the observed product mixture. 


30.37 


H3C 
H 
wA uA 
H 
WwW WwW 
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30.38 


CHO 


30.39 


Reaction 1: Reverse Diels—Alder [4 + 2] cycloaddition; 
Reaction 2: Conrotatory electrocyclic opening of a cyclobutene ring; 


Reaction 3: Diels—Alder [4 + 2] cycloaddition. 
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H CH2CH3 


Coronafacic acid 


Treatment with base enolizes the ketone and changes the ring junction from trans to cis. A 
cis ring fusion is less strained when a six-membered ring is fused to a five-membered ring. 


30.40 
E s F " . 
7 ‘as CH, [3.3] shift М(СНз)2 NH(CHg)o 
| eR 
V, CH heat == 
3 кы 
30.41(а) 


AO e 
Z 
ДЕ 


(b) The rearrangement product absorbs at а longer wavelength because it has a more 
extensive system of conjugated double bonds. 
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Chapter 31 — Synthetic Polymers 


Chapter Outline 


I. Chain-growth polymers (Sections 31.1—31.3). 
A. General features of chain-growth polymerization reactions (Section 31.1). 
1. How polymerization occurs. 
a. An initiator adds to a carbon-carbon double bond of a vinyl monomer. 
b. The reactive intermediate adds to a second molecule of monomer. 
c. The process is repeated. 
2. Types of polymerization. 
a. A radical initiator leads to radical polymerization. 
b. Anacid causes cationic polymerization. 
i. Acid-catalyzed polymerization is effective only if the vinyl monomers 
contain electron-donating groups. 
c. Anionic polymerization can be brought about by anionic catalysts. 
i. Vinyl monomers in anionic catalysis must have electron-withdrawing 
groups. 
ii. Polymerization occurs by conjugate nucleophilic addition to the monomer. 
ш. Acrylonitrile, styrene and methyl methacrylate can be polymerized 
anionically. 
iv. "Super glue" is an example of an anionic polymer. 
B. Stereochemistry of polymerization (Section 31.2). 
1. There are three possible stereochemical outcomes of polymerization of a substituted 
vinyl monomer. 
a. Ifthe substituents all lie on the same side of the polymer backbone, the polymer 
is isotactic. 
b. Ifthe substituents alternate along the backbone, the polymer is syndiotactic. 
c. Ifthe substituents are randomly oriented, the polymer is atactic. 
The three types of polymers have different properties. 
Although polymerization using radical initiators can't be control stereochemically, 
Ziegler—Natta catalysts can yield polymers of desired stereochemical orientation. 
a. Ziegler—Natta catalysts are organometallic-transition metal complexes. 
i. They are usually formed by treatment of an alkylaluminum with titanium 
tetrachloride. 
b. Ziegler—Natta polymers have very little chain-branching. 
c. Ziegler-Natta catalysts are stereochemically controllable. 
d. Polymerization occurs by coordination of the alkene monomer to the complex, 
followed by insertion into the polymer chain. 
4. Common Ziegler-Natta polymers. 
a. Polyethylene produced by the Ziegler—Natta process (high-density 
polyethylene) is linear, dense, strong, and heat-resistant. 
b. Other high-molecular-weight polyethylenes have specialty uses. 
C ONU (Section 31.3). 
Copolymers are formed when two different monomers polymerize together. 
Y The properties of copolymers are different from those of the corresponding 
monomers. 
3. Types of copolymers. 
a. Random copolymers. 
b. Alternating copolymers. 
c. Block copolymers. 


чө гә 
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i. Block copolymers are formed when an excess of a second monomer is 

added to a still-active mix. 
d. Graft copolymers. 

i. Graft copolymers are made by gamma irradiation of a completed 
homopolymer to generate a new radical initiation site for further growth of a 
chain. 

II. Step-growth polymers (Section 31.4). 
A. Step-growth polymer are formed by reactions in which each bond is formed 
independently of the others. 
B. Most step-growth polymers result from reaction of two difunctional compounds. 
1. Step-growth polymers can also result from polymerization of a single difunctional 
compound. 
C. Types of step-growth polymers. 
1. Polyamides and polyesters. 
2. Polycarbonates (formed from carbonates and alcohols or phenols). 
3. Polyurethanes. 
a. A urethane has a carbonyl group bonded to both an -NR» group and an -OR 
group. 
b. Most polyurethanes are formed from the reaction of a diisocyanate and a diol. 
c. Polyurethanes are used as spandex fibers and insulating foam. 

i. Foaming occurs when a small amount of water is added during 
polymerization, producing bubbles of СО». 

ii. Polyurethane foams often use a polyol, to increase the amount of cross- 
linking. 

III. Olefin metathesis polymerization (Section 31.5). 
A. General features. 
1. In an olefin metathesis reaction, two olefins (alkenes) exchange substituents. 
2. The catalysts contain a carbon—metal (usually ruthenium) double bond. 
a. They react reversibly with an alkene to form a 4-membered metallacyte. 
b. The metallacyte opens to give a different catalyst and a different alkene. 
3. The reaction is compatible with many olefin functional groups. 
4. The double bonds allow for further manipulations. 
B. Ring-opening metathesis polymerization (ROMP). 
1. The monomer is a moderately strained cycloalkene. 
2. The resulting polymer has double bonds spaced regularly along the chain. 
C. Acyclic diene metathesis (ADMET). 
1. The monomer is a long-chain dialkene with double bonds at the end of the chain. 
2. As the reaction progresses, gaseous ethylene escapes, driving the reaction toward 
product. 
IV. Polymer structure and physical properties (Section 31.6). 
A. Physical properties of polymers. 
1. Because of their large size, polymers experience large van der Waals forces. 
a. These forces are strongest in linear polymers. 
2. Many polymers have regions held together by van der Waals forces; these regions 
are known as crystallites. 
a. Polymer crystallinity is affected by the substituents on the chains. 
b. Tis the temperature at which the crystalline regions of a polymer melt. 
3. Some polymers have little ordering but are hard at room temperature. 
a. These polymers become soft at a temperature Т, (glass transition temperature). 
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31.2 
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B. Polymers can be classified by physical behavior. 
1. Thermoplastics. 
a. Thermoplastics have a high T, and are hard at room temperature. 
b. Because they become soft at higher temperatures, they can be molded. 
c. Plasticizers such as dialkyl phthalates are often added to thermoplastics to keep 
them from becoming brittle at room temperature. 
2. Fibers. 
a. Fibers are produced by extrusion of a molten polymer. 
b. Oncooling and drawing out, the crystallite regions orient along the axis of the 
fiber to add tensile strength. 
3. Elastomers. 
a. Elastomers are amorphous polymers that can stretch and return to their original 
shape. 
b. These polymers have a low T, and a small amount of cross-linking. 
c. The randomly coiled chains straighten out in the direction of the pull, but they 
return to their random orientation when stretching is done. 
d. Natural rubber is an elastomer, but gutta percha is highly crystalline. 
4. Thermosetting resins. 
a. Thermosetting resins become highly cross-linked and solidify when heated. 
b. Bakelite, a phenolic resin formed from phenol and formaldehyde, is the most 
familiar example. 


Solutions to Problems 


Most reactive ———————————> Least reactive 


HoC—CHCgH5 > HəC=CHCH3 > H»C=CHC] > H4C—CHCO5CHs 


The alkenes most reactive to cationic polymerization contain electron-donating functional 
groups that can stabilize the carbocation intermediate. The reactivity order of substituents in 
cationic polymerization is similar to the reactivity order of substituted benzenes in 
electrophilic aromatic substitution reactions. 


Most reactive | ——————————————oÀ»- Least reactive 
H»C=CHC=N > H4C—CHCgHg > H4C—CHCHS 


Anionic polymerization occurs most readily with alkenes having electron-withdrawing 
substituents. 


9-0-0- 0-6 


нгсн нгс— CH нәс СН нес CH 
- :Bu B Bi ЕИ 


The intermediate anion can be stabilized by resonance involving ће phenyl ring. 
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n H5C =CClo = оноог. 
n 


Vinylidene chloride doesn't polymerize in isotactic, syndiotactic or atactic forms because 
no asymmetric centers are formed during polymerization. 


31.4 


31.5 None of the polypropylenes rotate plane-polarized light. If an optically inactive reagent and 
an achiral compound react, the product must be optically inactive. For every chirality center 
generated, an enantiomeric chirality center is also generated, and the resulting polymer 
mixture is optically inactive. 


31.6 
CH3 Gis (Ha CH3 
+ 
n H4C—CCH-—CH, + n нәс=с SE Lond = CHCH;CH;C 
CH3 бн” 
2-Methyl-1,3- 2-Methylpropene 
butadiene 
31.7 
hv 
-É CHCH =CHCH, + — CCH CH =CcHCH - 
| m H3C—CHCgHs 
-Сснсн аа > polybutadiene chain 
Jis 
CgH5CH polystyrene chain 
m 
Irradiation homolytically cleaves an allylic C-H bond because it has the lowest bond 
energy. The resulting radical adds to styrene to produce a polystyrene graft. 
31.8 
T T 
п HOCH»CHZ0H + n HOC COH — 


| T 
+ OCHsCH,0— e s 4, 
PET 
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31.9 
R R o | R О 
\ га \ // N ГА 
NECESO. c—[UIN-G e М-С 
» OR' H OR' 
os J+ 
тон 2 = a urethane 
31.10 


Z SY 
H C CIE d D А c dE сн, 


1,9-Decadiene ne | u^ 
| catalyst 


+ n НС = СН» 
Vestenamer n 


Vestenamer can be formed by an ADMET synthesis using 1,9-decadiene. 


catalyst 


n — 
— 


Vestenamer n 


Vestenamer is usually synthesized from cyclooctene by a ROMP polymerization. 


catalyst 
— 
—— 


Norbornene Norsorex 


Norbornene undergoes ROMP polymerization to yield Norsorex. 


31.11 


Natural rubber 


The product of hydrogenation of natural rubber is atactic. This product also results from 


the radical copolymerization of propene with ethylene. 


Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 


861 


Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it. 


862 Chapter 31 


31.12 


aa x 
(Y GOH ZOH OH OH 


Aga Ше s 
H^ ^H | 7A 


H^ ^H B:^ *H CH;OH CH 


OH Сон 


This product, formed by electrophilic aromatic substitution, can react many times with 
additional formaldehyde and phenol to yield Bakelite. Reaction occurs at both ortho and 
para positions of phenol. 


Visualizing Chemistry 


31.13 


HO OH O O 


O 


E 
genou 


The polymer is a polycarbonate synthesized from the above monomer units. 


n 
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31.14 


(a) O а Cl 
te e eI 


Both of these polymers are chain-growth polymers. To draw the polymer in (a), break the 
double bond, and draw its extensions, one on each side of the former double bond. In (b), 
break both double bonds and draw extensions at both ends of the former diene. The 
remaining double bond migrates to a position between the double bonds of the former 
diene. 


Additional Problems 


31.15 


(а) н Е о 


\ \ / 
i o5. x сњо), n С=с —- -(cr;—crai- 
А п / \ п 


Chain-growth 2 Chain-growth 
polymer polymer 


O y 
С T 


\ | 
n [ — —чнонуон;он;с—}- + n Но 
n 
O 


Step-growth 


II 
( HaNCHSCH,CH,C—OH ) polymer 


i T 
n wo )-$-9 => de 2 + n HO 
n 


Step-growth 
polymer 


(d) 


Step-growth + 2n ROH 
polymer 
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31.16 Remember that isotactic polymers have identical groups on the same side of the polymer 
backbone. Syndiotactic polymers have alternating identical groups along the polymer 
backbone. Atactic polymers have a random orientation of groups. 


CN HH CN CNH H CN CNH H CN 
/ / / / / / 


ГА ГА ГА ГА ГА ГА 


Syndiotactic polyacrylonitrile 


(b) 
CO,CH3 CO2CH3CH3 COpCH3 СН. CO2CH3 


Isotactic poly(vinyl chloride) 


31.17 
О 
II 


О 
|| 
п we oco +n юс (онон 


| 


T T 
n 


Kodel 
31.18 
О О 
О О HoN 
А p м» 7а p 2 
n 
NH 
| heat г 
OH OH H 
О О A N 
| 
H jn 
Ring opening of the epoxide occurs by ап Sy2 pathway at the less substituted epoxide 
carbon. 
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31.19 


n HoN МН» п 


О =0 
O =О 


N + 2n HCI 


31.20 


|| || || || 
n HəN(CH2)4oNH> + n HOC(CHggCOH —> мноналн бонд) 


г! = = 
repeat many times 


Polycyclopentadiene 


Nylon 10,10 *2n НО 


31.21 


31.22 p-Divinylbenzene is incorporated into the growing polystyrene chain. 


-CHCH + CH=CH — —$cHCH— CHCH 


CgH5CH = СН» 
_—— ee 
repeat many 
times 
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Another growing polymer chain reacts with the second double bond of p-divinylbenzene. 


-koncu—cH;cH-i- + *CHCH2-$- + -оносн –сносн $ 


сот с 


CH=CH - CHCH — CHCH% 2 


The final product contains polystyrene chains cross-linked by p-divinylbenzene units. 


EN 


- CHOH — CHCH; $- CHCH —CHCH, —CHCH 3- 
31.23 
Go: 
PE 
Go: HoC— CH3 
/N eum atm 
HO:- repeat г 
О ie | :92) 
times H5C — СН, 
HOCH5CH50 -FCH5CH50 
22 £ ovr p 


31.24 The white coating on the distillation flask is due to the thermal polymerization of 


nitroethylene. 
heat 
n нб=бн — > (онг —cH 
n 
NO% МО» 
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31.25 Poly(vinyl alcohol) is formed by chain-growth polymerization of vinyl acetate, followed 
by hydrolysis of the acetate groups. 


n CH=CH —> oen as CH»—CH 
| | /n но [| n 
OCOCHs OCOCH3 OH 


Reaction of poly(vinyl alcohol) with butanal to form the poly(cyclic acetal) produces 
poly(vinyl butyral). 


H* 


OH OH OH OH 


—> 
" О О О о п 
+ 
NN CHO ? % 


Poly(vinyl butyral) 
31.26 

Es [2:805 "a | 

:О :О 
(NES eus 0 сб 

HO: Lr. D ^. HOCCH;CH50: 

0 n | n :Q: 
HOCCHSCH50— CCH CHOT «——— E б; 
Бо 


| repeat many times 
О 


ll 
OCCHsCH,0 


The polymer is a polyester. 
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31.27 
О 
// 
heat 
бу кетн -{-осн,снон;ос СОСНУСНОН»ОС ci- 
| \ и | С, 
$ О о о О о о 
Ё | | 
* Ca. 26 
OH 
| „О Ow 
HOCH CHCH,0H c 2 ` c 
| | 
РЕ ТЕРЕЎ, "COCH;CHCH;O з 


У 2 Glyptal 


Use of glycerol as a monomer causes the cross-linking that gives Glyptal its strength. 


31.28 Repeated nucleophilic acyl substitution reactions result in the formation of Melmac. 


gio e m" T "y Yu 
T Bd ри 


NH2 NH МН 


N= cH, | 


n 
[3 = | 


NHCH2NH 


eje 
Pd dub d E dt de t d 
„ш A 


AK SN many | NH. мн 


times 
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31.29 


(a) 
: :02) 


Tro OR 
CICH CÁ — ‘CH CIA КЕ НС —CHCH,Cl 


tO: 


| qs ji 
CH3 


O CH3 О 
ÁN | VAN 
nc ooo 0—60 )- OCH5CH— СН» 
CH3 
үз 
8 )— (Orne А Т 


repeat several md 


5 F CH3 OH 7 СНз О 
ÁN | | ZN 
H5C— СНСН»-О С OCH5CHCH;O С OCH5CH — СН, 
D CH3 -n CH3 


where nis a small number 


The prepolymer contains epoxide rings and hydroxyl groups. Copolymerization with a 


triamine occurs at the epoxide ends of the prepolymer. 
(b) 
ors 
To x MH yos 202 (у= 
Ы 
г 


[^ 


N CH3 CH3 
1 | | | w^ 7 
CH2CHCH2 +O e OCH2CHCH» +O e OCH2CHCH2NCH2CHoN 
| | | 
Он CH3 OH Jn CH3 OH ^ 


Cross-linking occurs when the triamine opens epoxide rings on two different chains of the 
prepolymer. 
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31.30 (a) The diamine is formed by an electrophilic aromatic substitution reaction of 
formaldehyde with two equivalents of aniline. 


(b) The diamine reacts with two equivalents of phosgene. 


O=C=N A Sos N-C-O 
MDI 
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31.31 


n oon Mos nece + n HOCH;CH50H 


T T 
n 


31.32 


31.33 Step 1: Polystyrene and the phthalimide combine in an electrophilic aromatic substitution 
reaction 


Con, сн» Ссн, сн),  -св—сн2 | {сь—сн5Ә 
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Step 2: The phthalimide is cleaved in a series of steps that involve nucleophilic acyl 
substitution reactions. 


Ссн —снэ, 


p О МНА R R J 
| Из. Ж чн; Н! HN— Ni 


N i ZN 
Ох, = On AG 
attack of proton 
nucleophile shift 


ring 
| opening 


— + t NHR E 
АМН HN— NH RNH H2N— NH NHANH 
ND О —n.n О Le p =o 


:O 


proton attack of 
shift nucleophile 


HN-NH + АМН, = CcH5—cH3, 


CH»NH> 
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31.34 
(Hors 
1. NaOH, EtOH 
2 CH3CH5CH5CHO йар S CH3CHaCHsCH = CCHO 
| 1. NaBH4 
2. H3O* 
CH2CHs (recha 


H 
CH3CH2CH2CH2CHCH2OH s CH4CH5CH5CH = CCH2OH 
Pd/ 


2-Ethyl-1-hexanol 
Aldol self-condensation of butanal, followed by dehydration and reduction, gives 2-ethyl- 


1-hexanol. 
31.35 
(a) _ | 
+ 
ZS heat 
+ p —Á [5 ——» H H 
Cyclopentadiene Dicyclopentadiene 


Dicyclopentadiene is formed by a Diels—Alder cycloaddition of two molecules of 
cyclopentadiene. 


(b) 


(c) 


Crosslinking takes place when the remaining double bond of dicyclopentadiene is involved 
in the polymerization process. 
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Review Unit 12: Pericyclic Reactions, 
Synthetic Polymers 


Major Topics Covered (with vocabulary): 


Pericyclic reactions: 

pericyclic reaction concerted reaction symmetry-allowed symmetry-disallowed frontier 
orbitals HOMO LUMO electrocyclic reaction disrotatory motion conrotatory motion 
cycloaddition reaction suprafacial cycloaddition antarafacial cycloaddition sigmatropic 
rearrangement suprafacial rearrangement antarafacial rearrangement Cope rearrangement 
Claisen rearrangement 


Synthetic polymers: 

chain-growth polymer Ziegler-Natta catalyst isotactic syndiotactic atactic homopolymer 
copolymer block copolymer graft copolymer step-growth polymer polycarbonate 
polyurethane olefin metathesis Grubbs catalyst ADMET ROMP crystallite melt transition 
temperature glass transition thermoplastic fiber elastomer thermosetting resin plasticizer 


Types of Problems: 


Aer studying these chapters, you should be able to: 
Understand the principles of molecular orbitals, and locate the HOMO and LUMO of 
conjugated x systems. 

—  Predict the stereochemistry of thermal and photochemical electrocyclic reactions. 

— Know the stereochemical requirements for cycloaddition reactions, and predict the products of 
cycloadditions. 

— Classify sigmatropic reactions by order and predict their products. 

— Know the selection rules for pericyclic reactions. 


— Locate the monomer units of a polymer; predict the structure of a polymer, given its monomer 
units. 

— Formulate the mechanisms of radical, cationic, anionic, and step-growth polymerizations. 

— Understand the stereochemistry of polymerization, and draw structures of atactic, isotactic, and 
syndiotactic polymers. 

— Understand copolymerization, graft polymerization and block polymerization. 

— Selsct monomers to form products by olefin metathesis. 


Points to Remember: 
* Just because a reaction is symmetry-disallowed doesn't mean that it can't occur. Reactions that 
are symmetry-allowed occur by relatively low-energy, concerted pathways. Reactions that are 


symmetry-disallowed must take place by higher energy, nonconcerted routes. 


* То predict if a reaction is symmetry-allowed, it is only necessary to be concerned with the 
signs of the outermost lobes. 


* The notations in brackets in a sigmatropic rearrangement refer to the positions in the migrating 
groups to which migration occurs. 
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* The stereochemical outcome of a concerted reaction run under thermal conditions is always 
opposite to the stereochemical outcome of the same reaction run under photochemical 
conditions. 


* То show the monomer unit of a chain-growth polymer, find the smallest repeating unit, break 
the polymer bonds, and draw the monomer with its original double bond in place. To show 
the monomer unit of a step-growth polymer, find the smallest repeating unit, break the polymer 
bonds, and draw the monomer unit or units with the small molecules that were displaced by 
polymerization added to the monomer units. 


* Fishhook arrows are used to show movement of single electrons. 


Self-test: 


/ CN CH О О 
/ / 


B с 
\ А 


What type of reaction is occurring in А? Describe it by order and type. If the reaction of the 
stereoisomer shown proceeds readily, is the reaction being carried out under thermal or 
photochemical conditions? 


Under what conditions would you expect monomer B to polymerize? (Actually it 
polymerizes well under all conditions). Is the polymer a chain-growth or a step-growth polymer? 
Draw a representative segment of the polymer. 


Suggest a use for C in polymerizations. 
Multiple choice: 


I. In which orbitals do the outermost lobes have opposite signs on the same side of the x 
system? 
(a) HOMO in the ground state of a 2 x electron system (b) HOMO in the excited state of a 
4 x electron system (c) LUMO in the excited state of a 6 x electron system (d) HOMO in 
the ground state of a 4 x electron system 


2: Which reaction is symmetry-disallowed? 
(a) conrotatory photochemical ring-opening of a 6 x electron system (b) suprafacial 
thermal cycloaddition of a 6 x electron system (с) antarafacial thermal sigmatropic 
rearrangement of a 4 x electron system (а) antarafacial photochemical cycloaddition of a 6 
x electron system 


3s Which of the following reactions is symmetry-allowed but geometrically constrained? 
(a) thermal electrocyclic reaction of a 4 x electron system (b) photochemical cycloaddition 
of a 4 x electron system (с) thermal sigmatropic rearrangement of a 4 x electron system 
(d) photochemical electrocyclic reaction of a 4 x electron system 
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4. All of the following sigmatropic rearrangements involve 6 x electrons except: 
(a) rearrangement of allyl phenyl ether to o-allyl phenol (b) rearrangement of 
1,5-heptadiene to 3-methyl-1,5-hexadiene (c) rearrangement of 1,3,5-heptatriene in which 
a hydrogen atom migrates across the x system (d) rearrangement of homotropilidene 


5. Consider the 4 x electron thermal electrocyclic reactions of two double-bond stereoisomers. 
AII of the following are true except: 
(a) one reaction is concerted and one isn't. (b) the equilibrium lies on the side of the ring- 
opened product (с) the reaction proceeds with conrotatory motion (d) The ring-closed 
products are stereoisomers 


6. Which of the following monomers is most likely to undergo cationic polymerization? 
(a) H2C2CF; (b) H5C2CH, (с) formaldehyde (d) H2C2C(CH3); 


T: Which of the following is not a copolymer? 
(a) Saran (b) Nylon 6 (c) Dacron (d) Lexan 


8. In which step-growth polymer is an alcohol the byproduct? 
(a) polyester (b) polyamide (c) polyurethane (d) polycarbonate 


9: Which type of polymer has large regions of oriented crystallites and little or no cross- 
linking? 
(а) athermoplastic (b) afiber (с) ап elastomer (d) a thermosetting resin 

10. A copolymer formed by irradiating a homopolymer in the presence of a second monomer is 


called a: 
(a) random copolymer (b) alternating copolymer (c) graft copolymer (d) block copolymer 
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Functional-Group Synthesis 


The following table summarizes the synthetic methods by which important functional 
groups can be prepared. The functional groups are listed alphabetically, followed by 
reference to the appropriate text section and a brief description of each synthetic method. 


Acetals, R2C(OR'), 


(Sec. 19.10) from ketones and aldehydes by acid-catalyzed reaction with alcohols 
Acid anhydrides, RCO;COR' 

(Sec. 21.3) from dicarboxylic acids by heating 

(Sec. 21.5) from acid chlorides by reaction with carboxylate salts 


Acid bromides, RCOBr 


(Sec. 21.4) from carboxylic acids by reaction with PBr3 
Acid chlorides, RCOCI 
(Sec. 21.3) from carboxylic acids by reaction with SOCI 
Alcohols, ROH 
(Sec. 8.4) from alkenes by oxymercuration/demercuration 
(Sec. 8.5) from alkenes by hydroboration/oxidation 
(Sec. 8.7) from alkenes by hydroxylation with OsO4 
(Sec. 11.2, 11.3) from alkyl halides and tosylates by Sw2 reaction with hydroxide ion 
(Sec. 18.3) from ethers by acid-induced cleavage 
(Sec. 18.6) from epoxides by acid-catalyzed ring opening with either H20 or HX 
(Sec. 18.6) from epoxides by base-induced ring opening 


(Sec. 17.4, 19.7) from ketones and aldehydes by reduction with NaBH; or LiAIH4 
(Sec. 17.5, 19.7) from ketones and aldehydes by addition of Grignard reagents 


(Sec. 21.3) from carboxylic acids by reduction with either LiAIH4 or BH3 
(Sec. 21.4) from acid chlorides by reduction with LiAIH4 

(Sec. 21.4) from acid chlorides by reaction with Grignard reagents 

(Sec. 21.5) from acid anhydrides by reduction with LiAIH4 


(Sec. 17.4, 21.6) from esters by reduction with LiAIH4 
(Sec. 17.5, 21.6) from esters by reaction with Grignard reagents 


Aldehydes, RCHO 


(Sec. 8.8) from disubstituted alkenes by ozonolysis 
(Sec. 8.8) from 1,2-diols by cleavage with sodium periodate 
(Sec. 9.4) from terminal alkynes by hydroboration followed by oxidation 


(Sec. 17.7, 19.2) from primary alcohols by oxidation 
(Sec. 19.2, 21.6) from esters by reduction with DIBAH [HAI(i-Bu)>] 


Alkanes, RH 


(Sec. 8.6) from alkenes by catalytic hydrogenation 
(Sec. 10.5) from alkyl halides by protonolysis of Grignard reagents 
(Sec. 10.7) from alkyl halides by coupling with Gilman reagents 


(Sec. 19.9) from ketones and aldehydes by Wolff-Kishner reaction 
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Alkenes, R2CZ2CR; 


(Sec. 8.1, 11.8) 
(Sec. 8.1, 17.6) 
(Sec. 9.5) 

(Sec. 9.5) 

(Sec. 19.11) 


(Sec. 22.3) 
(Sec. 24.7) 


Alkynes, RC#CR 
(Sec. 9.2) 
(Sec. 9.8) 


Amides, RCONH) 
(Sec. 21.5) 
(Sec. 21.4) 
(Sec. 21.5) 
(Sec. 21.6) 
(Sec. 20.7) 
(Sec. 26.7) 


Amines, RNH; 
(Sec. 19.13) 
(Sec. 21.7, 24.6) 
(Sec. 20.7, 24.6) 
(Sec. 24.6) 

(Sec. 24.6) 
(Sec. 24.6) 
(Sec. 24.6) 
(Sec. 24.6) 
(Sec. 24.6) 


from alkyl halides by treatment with strong base (E2 reaction) 

from alcohols by dehydration 

from alkynes by catalytic hydrogenation using the Lindlar catalyst 

from alkynes by reduction with lithium in liquid ammonia 

from ketones and aldehydes by treatment with alkylidenetriphenylphos- 
phoranes (Wittig reaction) 

from o-bromo ketones by heating with pyridine 

from amines by methylation and Hofmann elimination 


from dihalides by base-induced double dehydrohalogenation 
from terminal alkynes by alkylation of acetylide anions 


from carboxylic acids by heating with ammonia 

from acid chlorides by treatment with an amine or ammonia 

from acid anhydrides by treatment with an amine or ammonia 

from esters by treatment with an amine or ammonia 

from nitriles by partial hydrolysis with either acid or base 

from a carboxylic acid and an amine by treatment with dicyclohexylcarbo- 
diimide (DCC) 


from conjugated enones by addition of primary or secondary amines 

from amides by reduction with LiAIH4 

from nitriles by reduction with LiAIH4 

from primary alkyl halides by treatment with ammonia 

from primary alkyl halides by Gabriel synthesis 

from primary alkyl azides by reduction with LiAIH4 

from acid chlorides by Curtius rearrangement of acyl azides 

from primary amides by Hofmann rearrangement 

from ketones and aldehydes by reductive amination with an amine and 
NaBH3CN 


Amino Acids, RCH(NH;)CO;H 


(Sec. 26.3) 
(Sec. 26.5) 
(Sec. 26.3) 
(Sec. 26.3) 


Arenes, Ar-R 
(Sec. 16.3) 
(Sec. 16.10) 
(Sec. 24.8) 


from a-bromo acids by 52 reaction with ammonia 

from a-keto acids by reductive amination 

from primary alkyl halides by alkylation with diethyl acetamidomalonate 
from (Z)-amido acids by enantioselective hydrogenation 


from arenes by Friedel-Crafts alkylation with an alkyl halide 
from aryl alkyl ketones by catalytic reduction of the keto group 
from arenediazonium salts by treatment with hypophosphorous acid 


Arylamines, Ar-NH; 


(Sec. 16.2, 24.6) 


from nitroarenes by reduction with either Fe, Sn, or H2/Pd. 


Arenediazonium salts, Ar-N5* X^ 


(Sec. 24.8) 
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Arenesulfonic acids Ar-SO;3H 
(Sec. 16.2) from arenes by electrophilic aromatic substitution with SO3/H2S04 


Azides, R-N3 
(Sec. 11.2, 24.6) from primary alkyl halides by Sy2 reaction with azide ion 


Carboxylic acids, RCO;H 


(Sec. 8.8) from mono- and 1,2-disubstituted alkenes by ozonolysis 

(Sec. 16.9) from arenes by side-chain oxidation with NagCr2O7 or KMnO4 

(Sec. 19.3) from aldehydes by oxidation 

(Sec. 20.5) from alkyl halides by conversion into Grignard reagents followed by 


reaction with СО» 
(Sec. 20.5, 20.7) from nitriles by acid or base hydrolysis 


(Sec. 21.4) from acid chlorides by reaction with aqueous base 

(Sec. 21.5) from acid anhydrides by reaction with aqueous base 

(Sec. 21.6) from esters by hydrolysis with aqueous base 

(Sec. 21.7) from amides by hydrolysis with aqueous base 
Cyanohydrins, RCH(OH)CN 

(Sec. 19.6) from aldehydes and ketones by reaction with HCN 
Cycloalkanes 

(Sec. 8.9) from alkenes by addition of dichlorocarbene 

(Sec. 8.9) from alkenes by reaction with СНІ and Zn/Cu (Simmons-Smith 

reaction) 
(Sec. 16.10) from arenes by hydrogenation 


Disulfides, RS-SR' 
(Sec. 18.8) from thiols by oxidation with bromine 


Enamines, КСН=СЕМК› 
(Sec. 19.8) from ketones or aldehydes by reaction with secondary amines 
P 
Epo xides , R,C—CR, 
(Sec. 8.9, 18.5) from alkenes by treatment with a peroxyacid 


(Sec. 18.5) from halohydrins by treatment with base 
Esters, RCO ,R' 
(Sec. 21.3) from carboxylic acid salts by 52 reaction with primary alkyl halides 
(Sec. 21.3) from carboxylic acids by acid-catalyzed reaction with an alcohol (Fischer 
esterification) 
(Sec. 21.4) from acid chlorides by base-induced reaction with an alcohol 
(Sec. 21.5) from acid anhydrides by base-induced reaction with an alcohol 
(Sec. 22.7) from alkyl halides by alkylation with diethyl malonate 


(Sec. 22.7) from esters by treatment of their enolate ions with alkyl halides 
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Ethers, R-O-R' 
(Sec. 16.7) 
(Sec. 16.8) 


(Sec. 18.2) 


(Sec. 18.2) 
(Sec. 18.5) 


Halides, alkyl, R3C 
(Sec. 7.7) 
(Sec. 8.2) 
(Sec. 8.3) 


(Sec. 9.3) 
(Sec. 9.3) 
(Sec. 10.3) 
(Sec. 10.5) 
(Sec. 10.5) 
(Sec. 10.5) 
(Sec. 11.2, 11.3) 
(Sec. 16.9) 
(Sec. 18.3) 
(Sec. 22.3) 
(Sec. 22.4) 


Halides, aryl, Ar-X 


(Sec. 16.1, 16.2) 
(Sec. 24.8) 


from activated haloarenes by reaction with alkoxide ions 

from unactivated haloarenes by reaction with alkoxide ions via benzyne 
intermediates 

from primary alkyl halides by 5 м2 reaction with alkoxide ions (William- 
son ether synthesis) 

from alkenes by alkoxymercuration/demercuration 

from alkenes by epoxidation with peroxyacids 


-X 


from alkenes by electrophilic addition of HX 

from alkenes by addition of halogen 

from alkenes by electrophilic addition of hypohalous acid (HOX) to yield 
halohydrins 

from alkynes by addition of halogen 

from alkynes by addition of HX 

from alkenes by allylic bromination with N-bromosuccinimide (NBS) 
from alcohols by reaction with HX 

from alcohols by reaction with SOCh 

from alcohols by reaction with PBr3 

from alkyl tosylates by 52 reaction with halide ions 

from arenes by benzylic bromination with N-bromosuccinimide (NBS) 
from ethers by cleavage with either HX 

from ketones by o-halogenation with bromine 

from carboxylic acids by a-halogenation with phosphorus and РВгз 
(Hell- Volhard-Zelinskii reaction) 


from arenes by electrophilic aromatic substitution with halogen 
from arenediazonium salts by reaction with cuprous halides (Sandmeyer 
reaction) 


Halohydrins, R2CXC(OH)R; 


(Sec. 8.3) 
(Sec. 18.6) 


Imines. R,;C=NR' 
(Sec. 19.8) 


Ketones, R,C=O 
(Sec. 8.8) 
(Sec. 8.7) 
(Sec. 9.4) 
(Sec. 9.4) 
(Sec. 16.3) 
(Sec. 17.7, 19.2) 
(Sec. 19.2, 21.4) 


(Sec. 19.13) 
(Sec. 20.7) 
(Sec. 22.7) 
(Sec. 22.7) 
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from alkenes by electrophilic addition of hypohalous acid (HOX) 
from epoxides by acid-induced ring opening with HX 


from ketones or aldehydes by reaction with primary amines 


from alkenes by ozonolysis 

from 1,2-diols by cleavage reaction with sodium periodate 

from alkynes by mercuric-ion-catalyzed hydration 

from alkynes by hydroboration/oxidation 

from arenes by Friedel-Crafts acylation reaction with an acid chloride 
from secondary alcohols by oxidation 

from acid chlorides by reaction with lithium diorganocopper (Gilman) 
reagents 

from conjugated enones by addition of lithium diorganocopper reagents 
from nitriles by reaction with Grignard reagents 

from primary alkyl halides by alkylation with ethyl acetoacetate 

from ketones by alkylation of their enolate ions with primary alkyl halides 
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Nitriles, R-C=N 
(Sec. 11.3, 20.7) from primary alkyl halides by 532 reaction with cyanide ion 


(Sec. 20.7) from primary amides by dehydration with SOC 
(Sec. 22.7) from nitriles by alkylation of their a-anions with primary alkyl halides 
(Sec. 24.8) from arenediazonium ions by treatment with CuCN 


Nitroarenes, Ar-NO; 
(Sec. 16.2) from arenes by electrophilic aromatic substitution with nitric/sulfuric acids 


Organometallics, R-M 


(Sec. 10.6) formation of Grignard reagents from organohalides by treatment with 
magnesium 

(Sec. 10.7) formation of organolithium reagents from organohalides by treatment with 
lithium 

(Sec. 10.7) formation of lithium diorganocopper reagents (Gilman reagents) from 


organolithium reagents by treatment with cuprous halides 


Phenols, Ar-OH 


(Sec. 24.8) from arenediazonium salts by reaction with СиО and Cu(NO3)2 
(Sec. 16.7) from aryl halides by nucleophilic aromatic substitution with hydroxide ion 
„0 
Quinones, 
(Sec. 17.10) from phenols by oxidation with Fremy's salt [((KSO3)2NO] 


Sulfides, R-S-R' 
(Sec. 18.8) from thiols by 532 reaction of thiolate ions with primary alkyl halides 


Sulfones, R-SO;-R' 
(Sec. 18.8) from sulfides or sulfoxides by oxidation with peroxyacids 


Sulfoxides, R-SO-R' 


(Sec. 18.8) from sulfides by oxidation with H202 
Thiols, R-SH 
(Sec. 11.3) from primary alkyl halides by Sy2 reaction with hydrosulfide anion 
(Sec. 18.8) from primary alkyl halides by 52 reaction with thiourea, followed by 


hydrolysis 
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Functional-Group Reactions 


The following table summarizes the reactions of important functional groups. The functional 
groups are listed alphabetically, followed by a reference to the appropriate text section. 


Acetal 
1. Hydrolysis to yield a ketone or aldehyde plus alcohol (Sec. 19.10) 


Acid anhydride 
1. Hydrolysis to yield a carboxylic acid (Sec. 21.5) 
2. Alcoholysis to yield an ester (Sec. 21.5) 
3. Aminolysis to yield an amide (Sec. 21.5) 
4. Reduction to yield a primary alcohol (Sec. 21.5) 


Acid chloride 


1. Friedel-Crafts reaction with an aromatic compound to yield an aryl ketone (Sec. 16.3) 

2. Hydrolysis to yield a carboxylic acid (Sec. 21.4) 

3. Alcoholysis to yield an ester (Sec. 21.4) 

4. Aminolysis to yield an amide (Sec. 21.4) 

5. Reduction to yield a primary alcohol (Sec. 21.4) 

6. Grignard reaction to yield a tertiary alcohol (Sec. 21.4) 

7. Reaction with a lithium diorganocopper reagent to yield a ketone (Sec. 21.4) 
Alcohol 


1. Acidity (Sec. 17.2) 

2. Oxidation (Sec. 17.7) 

a. Reaction of a primary alcohol to yield an aldehyde or acid 
b. Reaction of a secondary alcohol to yield a ketone 
Reaction with a carboxylic acid to yield an ester (Sec. 21.3) 
Reaction with an acid chloride to yield an ester (Sec. 21.4) 
Reaction with an acid anhydride to yield an ester (Sec. 21.5) 
Dehydration to yield an alkene (Sec. 17.6) 

Reaction with a primary alkyl halide to yield an ether (Sec. 18.2) 
Conversion into an alkyl halide (Sec. 17.6) 

a. Reaction of a tertiary alcohol with HX 

b. Reaction of a primary or secondary alcohol with SOCH 
c. Reaction of a primary or secondary alcohol with PBr3 


oo Na хл ьш 


Aldehyde 
1. Oxidation to yield a carboxylic acid (Sec. 19.3) 
2. Nucleophilic addition reactions 
Reduction to yield a primary alcohol (Secs. 17.4, 19.7) 
Reaction with a Grignard reagent to yield a secondary alcohol (Secs. 17.5, 19.7) 
Grignard reaction of formaldehyde to yield a primary alcohol (Sec. 17.5) 
Reaction with HCN to yield a cyanohydrin (Sec. 19.6) 
Wolff-Kishner reaction with hydrazine to yield an alkane (Sec. 19.9) 
Reaction with an alcohol to yield an acetal (Sec. 19.10) 
Wittig reaction to yield an alkene (Sec. 19.11) 
Reaction with an amine to yield an imine or enamine (Sec. 19.8) 
3. Aldol reaction to yield a p-hydroxy aldehyde (Sec. 23.1) 
4. Alpha bromination of an aldehyde (Sec. 22.3) 


Bus њоро ср 
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Alkane 
1. Radical halogenation to yield an alkyl halide (Secs. 6.3, 10.3) 


Alkene 
1. Electrophilic addition of HX to yield an alkyl halide (Secs. 7.7—7.11) 
Markovnikov regiochemistry is observed. 
2. Electrophilic addition of halogen to yield a 1,2-dihalide (Sec. 8.2) 
3. Oxymercuration/demercuration to yield an alcohol (Sec. 8.4) 


Markovnikov regiochemistry is observed, yielding the more highly substituted alcohol. 


4. Hydroboration/oxidation to yield an alcohol (Section 8.5) 
5. Hydrogenation to yield an alkane (Sec. 8.6) 
6. Hydroxylation to yield a 1,2-diol (Sec. 8.7) 
7. Oxidative cleavage to yield carbonyl compounds (Sec. 8.8) 
8. Simmons-Smith reaction with CHI» to yield a cyclopropane (Sec. 8.9) 
9. Reaction with dichlorocarbene to yield a dichlorocyclopropane (Sec. 8.9) 
10. Allylic bromination with NBS (Sec. 10.4) 
11. Alkoxymercuration to yield an ether (Sec. 18.2) 
12. Reaction with a peroxyacid to yield an epoxide (Secs. 8.7, 18.5) 


Alkyne 
1. Electrophilic addition of HX to yield a vinylic halide (Sec. 9.3) 
2. Electrophilic addition of halogen to yield a dihalide (Sec. 9.3) 
3. Mercuric-sulfate-catalyzed hydration to yield a methyl ketone (Sec. 9.4) 
4. Hydroboration/oxidation to yield an aldehyde (Sec. 9.4) 
5. Alkylation of an alkyne anion (Sec. 9.8) 
6. Reduction (Sec. 9.5) 


a. Hydrogenation over Lindlar catalyst to yield a cis alkene 
b. Reduction with Li/NH; to yield a trans alkene 


Amide 
1. Hydrolysis to yield a carboxylic acid (Sec. 21.7) 
2. Reduction with LiAIH4 to yield an amine (Sec. 21.7) 
3. Dehydration to yield a nitrile (Section 20.7) 


Amine 

1. Basicity (Sec. 24.3) 

2. 5х2 alkylation of an alkyl halide to yield an amine (Sec. 24.6) 

3. Nucleophilic acyl substitution reactions 
a. Reaction with an acid chloride to yield an amide (Sec. 21.4) 
b. Reaction with an acid anhydride to yield an amide (Sec. 21.5) 

4. Hofmann elimination to yield an alkene (Sec. 24.7) 

5. Formation of an arenediazonium salt (Sec. 24.8) 


Arene 
1. Oxidation of an alkylbenzene side chain to yield a benzoic acid (Sec. 16.9) 
2. Catalytic reduction to yield a cyclohexane (Sec. 16.10) 
3. Reduction of an aryl alkyl ketone to yield an arene (Sec. 16.10) 
4. Electrophilic aromatic substitution (Secs. 16.1—16.3) 
Halogenation (Secs. 16.1—16.2) 
Nitration (Sec. 16.2) 
Sulfonation (Sec. 16.2) 
Friedel-Crafts alkylation (Sec. 16.3) 
Aromatic ring must be at least as reactive as a halobenzene 
e. Friedel-Crafts acylation (Sec. 16.3) 


Boop 
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884 Functional-Group Reactions 


Arenediazonium salt 

]. Conversion into an aryl chloride (Sec. 24.8) 
Conversion into an aryl bromide (Sec. 24.8) 
Conversion into an aryl iodide (Sec. 24.8) 
Conversion into an aryl cyanide (Sec. 24.8) 
Conversion into a phenol (Sec. 24.8) 
Conversion into an arene (Sec. 24.8) 


ол ро 


Carboxylic acid 
1. Acidity (Secs. 20.2-20.4) 
2. Reduction to yield a primary alcohol (Secs. 17.4, 21.3) 
a. Reduction with LiAIH4 
b. Reduction with BH; 
3. Nucleophilic acyl substitution reactions (Sec. 21.3) 
a. Conversion into an acid chloride 
b. Conversion into an acid anhydride 
c. Conversion into an ester 
(1) Fischer esterification 
(2) 532 reaction with an alkyl halide 
4. Alpha bromination (Hell-Volhard-Zelinskii reaction) (Sec. 22.4) 


Diene 
1. Conjugate addition of HX and X» (Sec. 14.2) 
2. Diels—Alder reaction (Secs. 14.4, 14.5, 30.5) 


Epoxide 
1. Acid-catalyzed ring opening with HX to yield a halohydrin (Sec. 18.6) 
2. Ring opening with aqueous acid to yield a 1,2-diol (Sec. 18.6) 


Ester 
1. Hydrolysis to yield a carboxylic acid (Sec. 21.6) 
2. Aminolysis to yield an amide (Sec. 21.6) 
3. Reduction to yield a primary alcohol (Secs. 17.4, 21.6) 
4. Partial reduction with DIBAH to yield an aldehyde (Sec. 21.6) 
5. Grignard reaction to yield a tertiary alcohol (Secs. 17.5, 21.6) 
6. Claisen condensation to yield a B-keto ester (Sec. 23.7) 


1. Acid-induced cleavage to yield an alcohol and an alkyl halide (Sec. 18.3) 
2. Claisen rearrangement of an allyl aryl ether to yield an o-allyl phenol (Secs. 18.4, 30.8) 


Halide, alkyl 

Reaction with magnesium to form a Grignard reagent (Sec. 10.6) 
Reduction to yield an alkane (Sec. 10.6) 

Coupling with a diorganocopper reagent to yield an alkane (Sec. 10.7) 
Reaction with an alcohol to yield an ether (Sec. 18.2) 

Nucleophilic substitution (Syn1 or 542) (Secs. 11.1—11.5) 
Dehydrohalogenation to yield an alkene (ЕІ or E2) (Secs. 11.7-11.10) 


Halohydrin 
1. Conversion into an epoxide (Sec. 18.5) 
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Ketone 


l. 


Nucleophilic addition reactions 


a. Reduction to yield a secondary alcohol (Secs. 17.4, 19.7) 
b. Reaction with a Grignard reagent to yield a tertiary alcohol (Secs. 17.5, 19.7) 
c. Wolff-Kishner reaction with hydrazine to yield an alkane (Sec. 19.9) 
d. Reaction with HCN to yield a cyanohydrin (Sec. 19.6) 
e. Reaction with an alcohol to yield an acetal (Sec. 19.10) 
f. Wittig reaction to yield an alkene (Sec. 19.11) 
g. Reaction with an amine to yield an imine or enamine (Sec. 19.8) 
2. Aldol reaction to yield a p-hydroxy ketone (Sec. 23.1) 
3. Alpha bromination (Sec. 22.3) 
Nitrile 
1. Hydrolysis to yield a carboxylic acid (Secs. 20.5, 20.7) 
2. Reduction to yield a primary amine (Sec. 20.7) 
3. Reaction with a Grignard reagent to yield a ketone (Sec. 20.7) 
Nitroarene 
1. Reduction to yield an arylamine (Secs. 16.2, 24.6) 


Organometallic reagent 


1. Reduction by treatment with acid to yield an alkane (Sec. 10.6) 
2. Nucleophilic addition to a carbonyl compound to yield an alcohol (Secs. 17.5, 19.7) 
3. Conjugate addition of a lithium diorganocopper to an a,B-unsaturated ketone (Sec. 19.13) 
4. Coupling reaction of a lithium diorganocopper reagent with an alkyl halide to yield an 
alkane (Sec. 10.7) 
5. Coupling reaction of a lithium diorganocopper with an acid chloride to yield a ketone (Sec. 
21.4) 
6. Reaction with carbon dioxide to yield a carboxylic acid (Sec. 20.5) 
Phenol 
1. Acidity (Sec. 17.2) 
2. Reaction with an acid chloride to yield an ester (Sec. 21.4) 
3. Reaction with an alkyl halide to yield an ether (Sec. 18.2) 
4. Oxidation to yield a quinone (Sec. 17.10) 
Quinone 
1. Reduction to yield a hydroquinone (Sec. 17.10) 
Sulfide 
] Reaction with an alkyl halide to yield a sulfonium salt (Sec. 18.8) 
2. Oxidation to yield a sulfoxide (Sec. 18.8) 
3. Oxidation to yield a sulfone (Sec. 18.8) 
Thiol 
1. Reaction with an alkyl halide to yield a sulfide (Sec. 18.8) 
2. Oxidation to yield a disulfide (Sec. 18.8) 
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Editorial revie 


Reagents in Organic Chemistry 


The following table summarizes the uses of some important reagents in organic chemistry. The 
reagents are listed alphabetically, followed by a brief description of the uses of each and 
references to the appropriate text sections. 


Acetic acid, СНзСО›Н: Used as a solvent for the reduction of ozonides with zinc (Section 
8.8) and the a-bromination of ketones and aldehydes with Br» (Section 22.3). 


Acetic anhydride, (CH3CO)20: Reacts with alcohols to yield acetate esters (Sections 21.5 
and 25.6) and with amines to yield acetamides (Section 21.5). 


Aluminum chloride, AlCl}: Acts as a Lewis acid catalyst in Friedel-Crafts alkylation and 
acylation reactions of aromatic compounds (Section 16.3). 


Ammonia, NH3: Used as a solvent for the reduction of alkynes by lithium metal to yield trans 
alkenes (Section 9.5). 
— Reacts with acid chlorides and acid anhydrides to yield amides (Sections 21.4 and 21.5). 


Borane, BH: Adds to alkenes, giving alkylboranes that can be oxidized with alkaline НО» to 
yield alcohols (Section 8.5). 

— Adds to alkynes, giving vinylic organoboranes that can be oxidized with H5O» to yield 
aldehydes (Section 9.4). 

— Reduces carboxylic acids to yield primary alcohols (Section 21.3). 


Bromine, Brz: Adds to alkenes, yielding 1,2-dibromides (Sections 8.2, 14.2). 

— Adds to alkynes yielding either 1,2-dibromoalkenes or 1,1,2,2-tetrabromoalkanes (Section 
9.3). 

— Reacts with arenes in the presence of FeBr3 catalyst to yield bromoarenes (Section 16.1). 

— Reacts with ketones in acetic acid solvent to yield a-bromo ketones (Section 22.3). 

— Reacts with carboxylic acids in the presence of PBr3 to yield a-bromo carboxylic acids 
(Hell—Volhard—Zelinskii reaction; Section 22.4). 

— Oxidizes aldoses to yield aldonic acids (Section 25.6). 


N-Bromosuccinimide (NBS), (CH2CO);NBr: Reacts with alkenes in the presence of 
aqueous dimethylsulfoxide to yield bromohydrins (Section 8.3). 

— Reacts with alkenes in the presence of light to yield allylic bromides (Section 10.3). 

— Reacts with alkylbenzenes in the presence of light to yield benzylic bromides; (Section 16.9). 


Di-tert-butoxy dicarbonate, (t-BuOCO)2O: Reacts with amino acids to give t-Boc 
protected amino acids suitable for use in peptide synthesis (Section 26.7). 


Butyllithium, CH3CH2CH2CH.»Li: A strong base; reacts with alkynes to yield acetylide 
anions, which can be alkylated (Section 9.8). 

— Reacts with dialkylamines to yield lithium dialkylamide bases such as LDA [lithium diisopropyl- 
amide] (Section 22.5). 

— Reacts with alkyltriphenylphosphonium salts to yield alkylidenephosphoranes (Wittig reagents 
(Section 19.11). 
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Carbon dioxide, СО»: Reacts with Grignard reagents to yield carboxylic acids (Section 20.5). 


Chlorine, С1›: Adds to alkenes to yield 1,2-dichlorides (Sections 8.2 and 14.2). 

— Reacts with alkanes in the presence of light to yield chloroalkanes by a radical chain reaction 
pathway (Section 10.2). 

— Reacts with arenes in the presence of FeCl; catalyst to yield chloroarenes (Section 16.2). 


m-Chloroperoxybenzoic acid, т-СІСсН4СОЗН: Reacts with alkenes to yield epoxides 
(Sections 8.7, 18.5). 


Chlorotrimethylsilane, (CH3)3SiCl: Reacts with alcohols to add the trimethylsilyl 
protecting group (Section 17.8). 


Chromium trioxide, CrO3: Oxidizes alcohols in aqueous acid to yield carbonyl-containing 
products. Primary alcohols yield carboxylic acids, and secondary alcohols yield ketones 
(Sections 17.7 and 19.3). 


Cuprous bromide, CuBr: Reacts with arenediazonium salts to yield bromoarenes (Sandmeyer 
reaction; Section 24.8). 


Cuprous chloride, CuCl: Reacts with arenediazonium salts to yield chloroarenes (Sandmeyer 
reaction; Section 24.8). 


Cuprous cyanide, CuCN: Reacts with arenediazonium salts to yield substituted benzonitriles 
(Sandmeyer reaction; Section 24.8). 


Cuprous iodide, Cul: Reacts with organolithiums to yield lithium diorganocopper reagents 
(Gilman reagents; Section 10.7). 


Cuprous oxide, СиО: Reacts with arenediazonium salts to yield phenols (Section 24.8). 


Dess-Martin periodinane, C;H4I1O;(OAc)4: Oxidizes primary alcohols to aldehydes 
(Sections 17.7 and 19.2) 


Dichloroacetic acid, ClhCHCO2H: Cleaves DMT protecting groups in DNA synthesis 
(Section 28.7). 


Dicyclohexylcarbodiimide (DCC), C;H4,,-N-2CzN-CgH,,;: Couples an amine with a 
carboxylic acid to yield an amide. DCC is often used in peptide synthesis (Section 26.7). 


Diethyl acetamidomalonate, CH;CONHCH(COQ>2Et)2: Reacts with alkyl halides in a 
common method of a-amino acid synthesis (Section 26.3). 


Diiodomethane, CH I: Reacts with alkenes in the presence of zinc-copper couple to yield 
cyclopropanes (Simmons-Smith reaction; Section 8.9). 


Diisobutylaluminum hydride (DIBAH), (i-Bu);AIH: Reduces esters to yield aldehydes 
(Sections 19.2 and 21.6). 


2,4-Dinitrophenylhydrazine, 2,4-(NO2;);CgH3NHNH ^»: Reacts with aldehydes and 
ketones to yield 2,4-DNPs that serve as useful crystalline derivatives (Section 19.8). 
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Ethylene glycol, HOCH,CH,OH: Reacts with ketones or aldehydes in the presence of an 
acid catalyst to yield acetals that serve as useful carbonyl protecting groups (Section 19.10). 


F-TEDA-BF4, C;H44B;CIF9N, : Fluorinates an aromatic ring (Section 16.2). 


Ferric bromide, FeBr3: Acts as a catalyst for the reaction of arenes with Br»? to yield 
bromoarenes (Section 16.1). 


Ferric chloride, FeCl3: Acts as a catalyst for the reaction of arenes with Cl» to yield chloro- 
arenes (Section 16.2). 


Grignard reagent, RMgX: Reacts with acids to yield alkanes (Section 10.6). 

— Adds to carbonyl-containing compounds (ketones, aldehydes, esters) to yield alcohols 
(Sections 17.6 and 19.7). 

— Adds to nitriles to yield ketones (Section 20.9). 


Hydrazine, H2NNH»: Reacts with ketones or aldehydes in the presence of KOH to yield the 
corresponding alkanes (Wolff-Kishner reaction; Section 19.19). 


Hydrogen bromide, HBr: Adds to alkenes with Markovnikov regiochemistry to yield alkyl 
bromides (Sections 7.7 and 14.2). 

— Adds to alkynes to yield either bromoalkenes or 1,1-dibromoalkanes (Section 9.3). 

— Reacts with alcohols to yield alkyl bromides (Sections 10.5 and 17.6). 

— Cleaves ethers to yield alcohols and alkyl bromides (Section 18.3). 


Hydrogen chloride, НСІ: Adds to alkenes with Markovnikov regiochemistry to yield alkyl 
chlorides (Sections 6.7 and 14.2). 

— Adds to alkynes to yield either chloroalkenes or 1,1-dichloroalkanes (Section 8.3). 

— Reacts with alcohols to yield alkyl chlorides (Sections 10.6 and 17.6). 


Hydrogen cyanide, HCN: Adds to ketones and aldehydes to yield cyanohydrins (Section 
19.6). 


Hydrogen iodide, HI: Reacts with alcohols to yield alkyl iodides (Section 17.6). 
— Cleaves ethers to yield alcohols and alkyl iodides (Section 18.3). 


Hydrogen peroxide, H202: Oxidizes organoboranes to yield alcohols. Used in conjunction 
with addition of borane to alkenes, the overall transformation effects syn Markovnikov addition 
of water to an alkene (Section 8.5). 

— Oxidizes vinylic boranes to yield aldehydes.(Section 9.4). 

— Oxidizes sulfides to yield sulfoxides (Section 18.8). 


Hydroxylamine, NH2OH: Reacts with ketones and aldehydes to yield oximes (Section 19.8). 
— Reacts with aldoses to yield oximes as the first step in the Wohl degradation of aldoses 
(Section 25.6). 


Hypophosphorous acid, H3PO»: Reacts with arenediazonium salts to yield arenes (Section 
24.8). 


Iodine, 1›: Reacts with arenes in the presence of CuCl or НО» to yield iodoarenes (Section 
16.2). 


Iodomethane, CH3I: Reacts with alkoxide anions to yield methyl ethers (Section 18.2). 


Copyright 2013 Cengage Learnin; ENS s Res Mon орев opied, scanned, oi Ен icated, i whol or ia ae Рие т VU) some thir iis rty content may be suppressed from the eBook and/or eChapte: e. 
Editorial review has deemed that any suppre: nten de not materially affect the overall learning e: an e Cengage Lenis tose e right to remove additional content at a eifo subsequent rights restricti equire 


Reagents 889 


— Reacts with carboxylate anions to yield methyl esters (Section 21.6). 
— Reacts with enolate ions to yield o-methylated carbonyl compounds (Section 22.7). 
— Reacts with amines to yield methylated amines (Section 24.6). 


Iron, Fe: Reacts with nitroarenes in the presence of aqueous acid to yield anilines (Section 
24.6). 


Lindlar catalyst: Acts as a catalyst for the partial hydrogenation of alkynes to yield cis alkenes 
(Section 9.5). 


Lithium, Li: Reduces alkynes in liquid ammonia solvent to yield trans alkenes (Section 9.5). 
— Reacts with organohalides to yield organolithium compounds (Section 10.7). 


Lithium aluminum hydride, LiAlH4: Reduces ketones, aldehydes, esters, and carboxylic 
acids to yield alcohols (Sections 17.4, 19.7, and 20.6). 

— Reduces amides to yield amines (Section 21.7). 

— Reduces alkyl azides to yield amines (Section 24.6). 

— Reduces nitriles to yield amines (Sections 20.7 and 24.6). 


Lithium diisopropylamide (LDA), LiN(i-Pr)2: Reacts with carbonyl compounds 
(aldehydes, ketones, esters) to yield enolate ions (Sections 22.5 and 22.7). 


Lithium diorganocopper reagent (Gilman reagent), LiR;Cu: Couples with alkyl halides 
to yield alkanes (Section 10.7). 

— Adds to o,f-unsaturated ketones to give 1,4-addition products (Section 19.13). 

— Reacts with acid chlorides to give ketones (Section 21.4). 


Magnesium, Mg: Reacts with organohalides to yield Grignard reagents (Section 10.6). 


Mercuric acetate, Hg(O2CCH3);: Adds to alkenes in the presence of water, giving a- 
hydroxy organomercury compounds that can be reduced with NaBH, to yield alcohols. The 
overall effect is the Markovnikov hydration of an alkene (Section 8.4). 


Mercuric sulfate, HgSO4: Acts as a catalyst for the addition of water to alkynes in the 
presence of aqueous sulfuric acid, yielding ketones (Section 9.4). 


Mercuric trifluoroacetate, Hg(O2CCF3);: Adds to alkenes in the presence of alcohol, 
giving a-alkoxy organomercury compounds that can be reduced with NaBH, to yield ethers. 
The overall reaction effects a net addition of an alcohol to an alkene (Section 18.2). 


Nitric acid, HNOs: Reacts with arenes in the presence of sulfuric acid to yield nitroarenes 
(Section 16.2). 
— Oxidizes aldoses to yield aldaric acids (Section 25.6). 


Nitrous acid, HNO»: Reacts with amines to yield diazonium salts (Section 24.8). 
Osmium tetroxide, OsO4: Adds to alkenes to yield 1,2-diols (Section 8.7). 
— Reacts with alkenes in the presence of periodic acid to cleave the carbon-carbon double bond, 


yielding ketone or aldehyde fragments (Section 8.8). 


Ozone, Оз: Adds to alkenes to cleave the carbon-carbon double bond and give ozonides, which 
can be reduced with zinc in acetic acid to yield carbonyl compounds (Section 8.8). 
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Palladium on barium sulfate, Pd/BaSO4: Acts as a hydrogenation catalyst for nitriles in the 
Kiliani—Fischer chain-lengthening reaction of carbohydrates (Section 25.6). 


Palladium on carbon, Pd/C: Acts as a hydrogenation catalyst for reducing carbon-carbon 
multiple bonds. Alkenes and alkynes are reduced to yield alkanes (Sections 8.6 and 9.5). 

— Acts as a hydrogenation catalyst for reducing aryl ketones to yield alkylbenzenes (Section 
16.10). 

— Acts as a hydrogenation catalyst for reducing nitroarenes to yield anilines (Section 24.6). 


Periodic acid, HIO4: Reacts with 1,2-diols to yield carbonyl-containing cleavage products 
(Section 8.8). 


Peroxyacetic acid, CH3CO3H: Oxidizes sulfoxides to yield sulfones (Section 18.8) 


Phenylisothiocyanate, С;Н5-М=С=5: Used in the Edman degradation of peptides to 
identify N-terminal amino acids (Section 26.6). 


Phosphorus oxychloride, POCI4: Reacts with secondary and tertiary and alcohols to yield 
alkene dehydration products (Section 17.6). 


Phosphorus tribromide, PBr3: Reacts with alcohols to yield alkyl bromides (Section 10.5). 

— Reacts with carboxylic acids to yield acid bromides (Section 21.4). 

— Reacts with carboxylic acids in the presence of bromine to yield o-bromo carboxylic acids 
(Hell-Volhard-Zelinskii reaction; Section 22.4). 


Platinum oxide (Adams catalyst), PtO»: Acts as a hydrogenation catalyst in the reduction 
of alkenes and alkynes to yield alkanes (Sections 8.6 and 9.5). 


Potassium hydroxide, KOH: Reacts with alkyl halides to yield alkenes by an elimination 
reaction (Sections 8.1 and 11.7). 

— Reacts with 1,1- or 1,2-dihaloalkanes to yield alkynes by a twofold elimination reaction 
(Section 9.2). 


Potassium nitrosodisulfonate (Fremy's salt), K(SO3);2NO: Oxidizes phenols to yield 
quinones (Section 17.10). 


Potassium permanganate, KMnO4: Oxidizes alkenes under neutral or acidic conditions to 
give carboxylic acid double-bond cleavage products (Sections 8.9). 

— Oxidizes alkynes to give carboxylic acid triple-bond cleavage products (Section 9.6). 

— Oxidizes aromatic side chains to yield benzoic acids (Section 16.9). 


Potassium phthalimide, C6H4(CO)2NK: Reacts with alkyl halides to yield N-alkyl- 
phthalimides, which are hydrolyzed by aqueous sodium hydroxide to yield amines (Gabriel 
amine synthesis; Section 24.6). 


Potassium tert-butoxide, KO-t-Bu: Reacts with alkyl halides to yield alkenes (Sections 11.7 
and 11.8). 

— Reacts with allylic halides to yield conjugated dienes (Section 14.1). 

— Reacts with chloroform in the presence of an alkene to yield a dichlorocyclopropane (Section 
8.9). 
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Pyridine, CSH5N: Acts as a basic catalyst for the reaction of alcohols with acid chlorides to 
yield esters (Section 21.4). 

— Acts as a basic catalyst for the reaction of alcohols with acetic anhydride to yield acetate esters 
(Section 21.5). 


— Reacts with a-bromo ketones to yield a,B-unsaturated ketones (Section 22.3). 


Pyrrolidine, C4HgN: Reacts with ketones to yield enamines for use in the Stork enamine 
reaction (Sections 19.8 and 23.11). 


Rhodium on carbon, Rh/C: Acts as a hydrogenation catalyst in the reduction of benzene rings 
to yield cyclohexanes (Section 16.10). 


Silver oxide, Ag2O: Catalyzes the reaction of monosaccharides with alkyl halides to yield 
ethers (Section 25.6). 
— Reacts with tetraalkylammonium salts to yield alkenes (Hofmann elimination; Section 24.7). 


Sodium amide, NaNH»: Reacts with terminal alkynes to yield acetylide anions (Section 9.7). 

— Reacts with 1,1- or 1,2-dihalides to yield alkynes by a twofold elimination reaction (Section 
9.2). 

— Reacts with aryl halides to yield anilines by a benzyne aromatic substitution mechanism 
(Section 16.8). 


Sodium azide, NaN3: Reacts with alkyl halides to yield alkyl azides (Section 24.6). 
— Reacts with acid chlorides to yield acyl azides. On heating in the presence of water, acyl azides 
yield amines and carbon dioxide (Section 24.6). 


Sodium bisulfite, NaHSO3: Reduces osmate esters, prepared by treatment of an alkene with 
osmium tetroxide, to yield 1,2-diols (Section 8.7). 


Sodium borohydride, NaBH4: Reduces organomercury compounds, prepared by oxymerc- 
uration of alkenes, to convert the C-Hg bond to C-H (Section 8.5). 

— Reduces ketones and aldehydes to yield alcohols (Sections 17.4 and 19.7). 

— Reduces quinones to yield hydroquinones (Section 17.10). 


Sodium cyanide, NaCN: Reacts with alkyl halides to yield alkanenitriles (Sections 20.6 and 
20.7). 


Sodium dichromate, NazCr207: Oxidizes primary alcohols to yield carboxylic acids and 
secondary alcohols to yield ketones (Sections 17.7 and 19.2). 
— Oxidizes alkylbenzenes to yield benzoic acids (Section 16.9). 


Sodium hydride, NaH: Reacts with alcohols to yield alkoxide anions (Section 17.2). 


Sodium hydroxide, NaOH: Reacts with aryl halides to yield phenols by a benzyne aromatic 
substitution mechanism (Section 16.8). 


Sodium iodide, Nal: Reacts with arenediazonium salts to yield aryl iodides (Section 24.8). 
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Stannous chloride, SnCly: Reduces nitroarenes to yield anilines (Sections 16.2 and 24.6). 
— Reduces quinones to yield hydroquinones (Section 17.10 ). 


Sulfur trioxide, SO3: Reacts with arenes in sulfuric acid solution to yield arenesulfonic acids 
(Section 16.2). 


Sulfuric acid, HzSO4: Reacts with alcohols and water to yield alkenes (Section 8.4). 

— Reacts with alkynes in the presence of water and mercuric sulfate to yield ketones (Section 
9.4). 

— Catalyzes the reaction of nitric acid with aromatic rings to yield nitroarenes (Section 16.2). 

— Catalyzes the reaction of SO3 with aromatic rings to yield arenesulfonic acids (Section 16.2). 


Tetrazole: Acts as a coupling reagent for use in DNA synthesis (Section 28.7). 


Thionyl chloride, SOC]: Reacts with primary and secondary alcohols to yield alkyl chlorides 
(Section 10.5). 
— Reacts with carboxylic acids to yield acid chlorides (Section 21.4). 


Thiourea, HNINCSNH?: Reacts with primary alkyl halides to yield thiols (Section 18.8). 


p-Toluenesulfonyl chloride, p-CH3C6H4SO»,CI: Reacts with alcohols to yield tosylates 
(Sections 11.1 and 17.6). 


Trifluoroacetic acid, CF3CO2H: Acts as a catalyst for cleaving tert-butyl ethers, yielding 
alcohols and 2-methylpropene (Section 18.3). 

— Acts as a catalyst for cleaving the t-Boc protecting group from amino acids in peptide synthesis 
(Section 26.7). 


Triphenylphosphine, (C 6Hs)3P: Reacts with primary alkyl halides to yield the alkyltriphenyl- 
phosphonium salts used in Wittig reactions (Section 19.11). 


Zinc, Zn: Reduces ozonides, produced by addition of ozone to alkenes, to yield ketones and 
aldehydes (Section 8.8). 
— Reduces disulfides to yield thiols (Section 18.8). 


Zinc-copper couple, Zn-Cu: Reacts with diiodomethane in the presence of alkenes to yield 
cyclopropanes (Simmons-Smith reaction; Section 8.9). 
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Acetoacetic ester synthesis (Section 22.7): a multistep reaction sequence for converting a 
primary alkyl halide into a methyl ketone having three more carbon atoms in the chain. 


Q О 
= 1. Неаї | 
RCH5X + СНз-С-СН-С-ОСНз P RCH»2-CH5CCH3 + СО» + CH3OH 
2. H3O*, heat 


Adams' catalyst (Section 8.6): РіО», a catalyst used for the hydrogenation of carbon—carbon 
double bonds. 


Aldol condensation reaction (Section 23.1): the nucleophilic addition of an enol or enolate ion 
to a ketone or aldehyde, yielding a B-hydroxy ketone. 


T | NaOH T | oF 
| 


2 н ———> в-С-С-С-С-Н 
| | 
R 


Amidomalonate amino acid synthesis (Section 26.3): a multistep reaction sequence, similar 
to the malonic ester synthesis, for converting a primary alkyl halide into an amino acid. 


О 
1. mix | 
RCH 2X + ":C(COoEt)) — ——— — — —- — RCH2-CHCOH + CO» + 2 EtOH 
| 2. H3O*, heat | 
NHAc Мн» 


Benedict's test (Section 25.6): a chemical test for aldehydes, involving treatment with cupric ion 
in aqueous sodium citrate. 


Cannizzaro reaction (Section 19.12): the disproportionation reaction that occurs when a 
nonenolizable aldehyde is treated with base. 


О О 
|| 1. HOT || 
2R3CCH  — — > R3CCOH + R3CCH20H 
2. НзО+ 


Claisen condensation reaction (Section 23.7): a nucleophilic acyl substitution reaction that 
occurs when an ester enolate ion attacks the carbonyl group of a second ester molecule. The 
product is a f-keto ester. 


Q 
| 1. HO- 
2 R-CH»-C-OCH3 — ———-  R-CH2-C-CH-C-OCHs + CH3OH 
2. НзО+ | 


R 
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Claisen rearrangement (Sections 18.4 and 30.8): the thermal [3.3] sigmatropic rearrangement 
of an allyl vinyl ether or an allyl phenyl ether. 


O OH 


O 
heat 
—— —— 
CY 2 


H 


Cope rearrangement (Section 30.8): the thermal [3.3] sigmatropic rearrangement of a 1,5-diene 
to a new 1,5-diene. 


7 UNS heat * 2 
— 
2 Su 


Curtius rearrangement (Section 24.6): the thermal rearrangement of an acyl azide to an 
isocyanate, followed by hydrolysis to yield an amine. 


O 
| + = 1, heat 
2. HO 


Diazonium coupling reaction (Section 24.8): the coupling reaction between an aromatic 
diazonium salt and a phenol or aniline. 


C pom : Tai -— C o oe 


Dieckmann reaction (Section 23.9): the intramolecular Claisen condensation reaction of a 1,6- 
or 1,7-diester, yielding a cyclic В-Кеѓо ester. 
О 


CO,Et CO,Et CO,Et 
е 27 1. NaOEt : 


———* + EtOH 
2.H 30 


Diels-Alder cycloaddition reaction (Sections 14.4—14.5 and 30.5): the reaction between а 
diene and a dienophile to yield a cyclohexene ring. 


heat 
ь | = 
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Edman degradation (Section 26.6): a method for cleaving the N-terminal amino acid from a 
peptide by treatment of the peptide with N-phenylisothiocyanate. 


S 
О Н 
| N^ 
Ph-N=C=S + соуса -NH- —— yn + HN-$ 
R 
О Н 


Fehling's test (Section 25.6): a chemical test for aldehydes, involving treatment with cupric ion 
in aqueous sodium tartrate. 


Fischer esterification reaction (Section 21.3): the acid-catalyzed reaction between a 
carboxylic acid and an alcohol, yielding the ester. 


О 
I H*, heat I 
R-C-OH + R-OH ———> R-C-OR' + H,O 


Friedel-Crafts reaction (Section 16.3): the alkylation or acylation of an aromatic ring by 
treatment with an alkyl- or acyl chloride in the presence of a Lewis-acid catalyst. 


R-CI, AlCl 2 2 i 
——————— | Alkylation 
2 us 
О 
S ч n 
R-C-Cl, AlCla Zn 
———————- | Acylation 
Su 


Gabriel amine synthesis (Section 24.6): a multistep sequence for converting a primary alkyl 
halide into a primary amine by alkylation with potassium phthalimide, followed by hydrolysis. 


] CO, 
1. mix 
М Kt + ВСНХ ә» RCH.NH 
2` 2. NaOH, H,O Кас 
CO,” 


O 


Gilman reagent (Section 10.7): a lithium dialkylcopper reagent, R?CuLi, prepared by treatment 
of a cuprous salt with an alkyllithium. Gilman reagents undergo a coupling reaction with alkyl 
halides, a 1,4-addition reaction with o,f-unsaturated ketones, and a coupling reaction with acid 
chlorides to yield ketones. 
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Glycal assembly method (Section 25.9): a method of polysaccharide synthesis in which a 
glycal is converted into its epoxide, which is then opened by reaction with an alcohol. 


SiR SiR 
^b D 
ос B ZnCl% о 
c 
O S THF О 
O2 :OH ui 
O ос à 
Y 9 » 22 
O E 


Grignard reaction (Section 19.7): the nucleophilic addition reaction of an alkylmagnesium 
halide to a ketone, aldehyde, or ester carbonyl group. 


OH 


R-Ma- mix | 
g X + | 1. mi 
~—p 


Se ee 
ZU NS BOF А 


Grignard reagent (Section 10.6): an organomagnesium halide, RMgX, prepared by reaction 
between an organohalide and magnesium metal. Grignard reagents add to carbonyl compounds 
to yield alcohols. 


Hell-Volhard-Zelinskii reaction (Section 22.4): the a-bromination of a carboxylic acid by 
treatment with bromine and phosphorus tribromide. 


H O Br O 

| 1 1. Bro, PBrg | l 
—C—C—OH  —————» —C—C—OH 

| 2. HO | 


Hofmann elimination (Section 24.7): a method for effecting the elimination reaction of an 
amine to yield an alkene. The amine is first treated with excess iodomethane, and the resultant 
quaternary ammonium salt is heated with silver oxide. 


RN H 
2 1. СНА! 
X c ез KENN Vag! + RoNCH3 
d ps 2. AgoO, НО / 
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Hofmann rearrangement (Section 24.6): the rearrangement of an N-bromoamide to a primary 
amine by treatment with aqueous base. 


О 
[| Bro || 
R—C—NH, ———» R—C —NHBr ——» ВМН„ + СО, 
NaOH 


Kiliani-Fischer synthesis (Section 25.6): a multistep sequence for chain-lengthening an 
aldose into the next higher homolog. 


aue 
CHO 
1. HCN БӨБ) 
2. Hy, Pd, BaSO, | 
R 


з. HgO* 


Knowles amino acid synthesis (Section 26.3): an enantioselective method of amino acid 
synthesis by hydrogenation of a Z enamido acid with a chiral hydrogenation catalyst. 


H COH 
\ / 


NHCOCHs 4. p, [Rh(DIPAMP)(COD)]* BE4- 
a M 
2. NaOH, H20 


Koenigs-Knorr reaction (Section 25.6): a method for synthesizing a glycoside by reaction of a 
pyranosyl bromide with an alcohol and Ag5O. 


CH20Ac CHOH 
R 
AcO 1. ROH, Ag20 HO Q | 
i 2. -ОН, НО HO 9 
OAc OH 
Br 


Malonic ester synthesis (Section 22.7): a multistep sequence for converting an alkyl halide 
into a carboxylic acid with the addition of two carbon atoms to the chain. 


О 

R-CH,-X + 4CH-C-OCcH, heat сн с doc CO» + CH4O 

-CHj-X 4 OHC- — — — — e RCHa-CH-COCH НОН 
г | ? 2. H30O*, heat 2 : 3+ 2+ : 


CO5CHs 
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McLafferty rearrangement (Section 19.14): a mass spectral fragmentation pathway for 
carbonyl compounds having a hydrogen three carbon atoms away from the carbonyl carbon. 


Ch = 1 


Meisenheimer complex (Section 16.7): an intermediate formed in the nucleophilic aryl 
substitution reaction of a base with a nitro-substituted aromatic ring. 


HO Cl 


Merrifield solid-phase peptide synthesis (Section 26.8): a rapid and efficient means of 
peptide synthesis in which the growing peptide chain is attached to an insoluble polymer 
support. 


Michael reaction (Section 23.10): the 1,4-addition reaction of a stabilized enolate anion such as 
that from a 1,3-diketone to an a,8-unsaturated carbonyl compound. 


5 
—ó =o" O 
S Base \ || 
^н, + H,C=CHCR ——»- CH-CH,CH,CR 
/ / 
= Б 
Y Y 


Robinson annulation reaction (Section 23.12): a multistep sequence for building a new 
cyclohexenone ring onto a ketone. The sequence involves an initial Michael reaction of the 
ketone followed by an internal aldol cyclization. 


t — 
О О О 


Sandmeyer reaction (Section 24.8): a method for converting an aryldiazonium salt into an aryl 
halide by treatment with a cuprous halide. 


+ 
TEZ + CuBr è — ФЕ (or CI, |) 


Sanger dideoxy method (Section 28.6): an enzymatic method for DNA sequencing. 
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Simmons-Smith reaction (Section 8.9): a method for preparing a cyclopropane by treating an 
alkene with diiodomethane and zinc-copper. 


Zn/Cu 
= + CHJ, —> 


Stork enamine reaction (Section 23.11): a multistep sequence whereby a ketone is converted 
into an enamine by treatment with a secondary amine, and the enamine is then used in Michael 
reactions. 


O Ro O O 
A 1. Шы айс уезд =CHCOR' pow 
HNR, — 
T 2 E 2. Z Hg — R' 


Suzuki-Miyaura reaction (Section 10.7): an organometallic coupling of an aromatic or vinyl 
substituted boronic acid with an aryl or vinyl substituted organohalide in the presence of a base 
and a palladium catalyst. 


Pd(Ph3)4 
Ar—B(OH)> + I—Ar = —> Аг-Аг 
(or vinyl) CaCO3 

THF 


Tollens' test (Section 25.6): a chemical test for detecting aldehydes by treatment with ammonia- 
cal silver nitrate. A positive test is signaled by formation of a silver mirror on the walls of the 
reaction vessel. 


Walden inversion (Section 11.1): the inversion of stereochemistry at a chirality center during an 
SN2 reaction. 


Williamson ether synthesis (Section 18.2): a method for preparing an ether by treatment of a 
primary alkyl halide with an alkoxide ion. 


R-O Nat + R'CH.Br R-O-CHS4R' + NaBr 


Wittig reaction (Section 19.11): a general method of alkene synthesis by treatment of a ketone 
or aldehyde with an alkylidenetriphenylphosphorane. 
\ / 
C + C=PPh = = + Ph,P=O 
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Wohl degradation (Section 25.6): a multistep reaction sequence for degrading an aldose into the 
next lower homolog. 


CHO 

| 1. NH5OH Bn 
H(OH ———— H 

1 (Ән) 2. Ас,О | 

R 3. NaOEt R 


Wolff-Kishner reaction (Section 19.9): a method for converting a ketone or aldehyde into the 
corresponding hydrocarbon by treatment with hydrazine and strong base. 


О 
NH} KOH 


R-CH,-R' 


Woodward-Hoffmann orbital symmetry rules (Section 30.9): a series of rules for 
predicting the stereochemistry of pericyclic reactions. Even-electron species react thermally 


through either antarafacial or conrotatory pathways, whereas odd-electron species react 
thermally through either suprafacial or disrotatory pathways. 
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Abbreviations 


A symbol for Angstrom unit (107% cm = 1079 m) 


ADMET  acyclic diene metathesis, a method of polymerization 


O 
Ас- Acetyl group, CH4C- 
Ar- aryl group 
at. no. atomic number 
at. wt. atomic weight 
[9] specific rotation 


О 
Вос tert-butoxycarbonyl group, (CH, cod- 
bp boiling point 
n-Bu n-butyl group, CHCH CHCH,- 
sec-Bu sec-butyl group, CH,CH,CH(CH3)— 


t-Bu tert-butyl group, (CH3)3;C— 

cm centimeter 

em | wavenumber, or reciprocal centimeter 

D stereochemical designation of carbohydrates and amino acids 


DCC dicyclohexylcarbodiimide, СН; -N-C-ZN-C&H,, 
chemical shift in ppm downfield from TMS 


^ symbol for heat; also symbol for change 
AH heat of reaction 
dm decimeter (0.1 m) 


DMF dimethylformamide, (CH3),NCHO 

DMSO dimethyl sulfoxide, (CH3),SO 

DNA deoxyribonucleic acid 

DNP dinitrophenyl group, as in 2,4-DNP (2,4-dinitrophenylhydrazone) 


(E) entgegen, stereochemical designation of double bond geometry 

E activation energy 

El unimolecular elimination reaction 

ElcB unimolecular elimination that takes place through a carbanion intermediate 
E2 bimolecular elimination reaction 

Et ethyl group, CH43CH,;- 


g gram 
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hv symbol for light 
Hz Hertz, or cycles per second (s) 
i- iso 
IR infrared 
J Joule 
J symbol for coupling constant 
K Kelvin temperature 
K; acid dissociation constant 
kJ kilojoule 
E stereochemical designation of carbohydrates and amino acids 
LAH lithium aluminum hydride, LiAIH, 
Me methyl group, CH3— 
mg milligram (0.001 g) 
MHz megahertz (10° s’) 
mL milliliter (0.001 L) 
mm millimeter (0.001 m) 
mp melting point 
ug microgram ao? g) 
mu millimicron (nanometer, TM m) 
MW molecular weight 
n- normal, straight-chain alkane or alkyl group 
ng nanogram a0? gram) 
nm nanometer (10° meter) 
NMR nuclear magnetic resonance 
О 
-ОАс acetate group, _OCCH; 
Ph phenyl group, -C6H5 
pH measure of acidity of aqueous solution 
pK, measure of acid strength (= -log К) 
pm picometer ral a m) 
ppm parts per million 
n-Pr n-propyl group, CH3CH;CH;- 
i-Pr isopropyl group, (CH3),CH— 
pro-R designation of a prochirality center 
pro-S designation of a prochirality center 


R- symbol for a generalized alkyl group 
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(R) rectus, designation of chirality center 

Ке face a face of a planar, sp -hybridized carbon atom 
RNA ribonucleic acid 

ROMP ring-opening metathesis polymerization 

(S) sinister, designation of chirality center 

$ес- secondary 


Si face a face of a planar, sp -hybridized carbon atom 


Syl unimolecular substitution reaction 

92 bimolecular substitution reaction 

tert- tertiary 

THF tetrahydrofuran 

TMS tetramethylsilane nmr standard, (CH3)4Si 

Tos tosylate group, + СН; 

ОУ ultraviolet 

X- halogen group (—F, —Cl, —Вг, =] 

(Z) zusammen, stereochemical designation of double bond geometry 


chemical reaction in direction indicated 


— —» reversible chemical reaction 


resonance symbol 


aa curved arrow indicating direction of electron flow 


is equivalent to 


> greater than 
< 


less than 


R 


approximately equal to 


indicates that the organic fragment shown is a part of a larger molecule 


single bond coming out of the plane of the paper 


nave single bond receding into the plane of the paper 
"" partial bond 
d+, 0— partial charge 


i denoting the transition state 
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Infrared Absorption Frequencies 


Functional Group Frequency (ст!) Text Section 
Alcohol -O-H 3300-3600 (s) 17.11 
N 
—C—0— 1050 (s) 
/ 
Aldehyde —CO-H 2720, 2820 (m) 19.14 
aliphatic N 1725 (s 
р B26 (s) 
aromatic / 1705 (s) 
Alkane 12.8 
\ 
Еа 2850—2960 (5) 
\ / 
—с—С— 800—1300 (тп) 
ў. \ 
Alkene 12.8 
7 
—C 3020—3100 (s) 
Y d 
C=C 1650-1670 (m) 
yr cw 
RCH=CH) 910, 990 (m) 
RyC=CH) 890 (m) 
Alkyne zC-H 3300 (s) 12.8 
—C=C-— 2100—2260 (m) 
Alkyl bromide 12.8 
\ 
UBI 500—600 (s) 
Alkyl chloride 12.8 


N 
-c-a 600—800 (s) 


in part. Due to electroi VU) some thir рн rty content may be suppressed from the eBook and/or dud er(s). 
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Amine, primary 


secondary 


Ammonium salt 


Aromatic ring 


monosubstituted 


o-disubstituted 
m-disubstituted 


p-disubstituted 
Carboxylic acid 


associated 


free 
Acid anhydride 


Acid chloride 
aliphatic 


aromatic 
Amide 

aliphatic 

aromatic 


N-substituted 


N,N-disubstituted 
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Infrared Absorptions 
24.10 


3400, 3500 (s) 


3350 (s) 


24.10 
2200—3000 (broad) 


3030 (m) 15.8 
690—710 (s) 
730-770 (s) 


735-770 (s) 
690—710 (s) 
810—850 (s) 
810-840 (s) 


2500—3300 (broad) 20.8 
1710 (s) 
1760 (s) 

21.10 
1760, 1820 (s) 


21.10 
1810 (s) 


1770 (s) 


21.10 
1810 (s) 


1770 (s) 
1680 (s) 
1650 (s) 
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906 Infrared Absorptions 


Ester 21.10 
aliphatic N 1735 (s) 


aromatic / 1720 (s) 


Ether 18.9 


Exec 1050-1150 (s) 


Ketone 19.14 
aliphatic N 1715 (s) 


aromatic / 1690 (s) 
6-memb. ring 1715 (s) 
5-memb. ring 1750 (s) 


Nitrile 20.8 
aliphatic —C=N 2250 (m) 
aromatic 2230 (m) 


Phenol -O-H 3500 (s) 17.11 


(s) = strong; (m) = medium intensity 
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Proton NMR Chemical Shifts 


Type of Proton Chemical Shift (8) Text Section 
Alkyl, primary R-CH, 0.7-1.3 13.9 
Alkyl, secondary R-CH,-R 1.2-1.4 13.9 
Alkyl tertiary R4C-H 14-17 13.9 
: | | | 
Allylic —C=C-C-H 1.6-1.9 13.9 
| 
a to carbonyl =н 2.0-2.3 19.14 
| 
Benzylic BECOME 2.3-3.0 15.8 
Acetylenic R-C=C-H 2.5-2.7 13.9 
; | 
Alkyl chloride BE 3.0-4.0 13.9 
| | 
Alkyl bromide pH 2.5-4.0 13.9 
T | 
Alkyl iodide ae 2.0-4.0 13.9 
. NN 
Amine pie 2.2-2.6 24.10 
E id N A Н 
poxide — 2.5-3. 
A e. 5-3.5 18.9 
| 
Alcohol Hos 3.5-4.5 17.11 
| 
Ether ROSE 3.5-4.5 18.9 
y s |] 
Vinylic —C=C—H 5.0—6.0 13.9 
Aromatic Ar-H 6.5-8.0 15.8 
? 
Aldehyde R-C-H 9.7—10.0 19.14 
O 
Carboxylic acid R-C-O-H 11.0-12.0 20.8 
Alcohol R-O-H 3.5—4.5 17.11 


Phenol Ar-O-H 2.5-6.0 17.11 
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1901 


1902 


1903 


1904 


1905 


1906 


1907 


1908 


1909 


1910 


1911 


1912 


Nobel Prizes in Chemistry 


Jacobus H. van't Hoff (The Netherlands): 
"for the discovery of laws of chemical dynamics and of osmotic pressure" 


Emil Fischer (Germany): 
"for syntheses in the groups of sugars and purines" 


Svante A. Arrhenius (Sweden): 
"for his theory of electrolytic dissociation" 


Sir William Ramsey (Britain): 
"for the discovery of gases in different elements in the air and for the determination of their 
place in the periodic system" 


Adolf von Baeyer (Germany): 
"for his researches on organic dyestuffs and hydroaromatic compounds" 


Henri Moissan (France): 
"for his research on the isolation of the element fluorine and for placing at the service of 
science the electric furnace that bears his name" 


Eduard Buchner (Germany): 
"for his biochemical researches and his discovery of cell-less formation" 


Ernest Rutherford (Britain): 
"for his investigation into the disintegration of the elements and the chemistry of radioactive 
substances" 


Wilhelm Ostwald (Germany): 
"for his work on catalysis and on the conditions of chemical equilibrium and velocities of 
chemical reactions" 


Otto Wallach (Germany): 
"for his services to organic chemistry and the chemical industry by his pioneer work in the 
field of alicyclic substances" 


Marie Curie (France): 
"for her services to the advancement of chemistry by the discovery of the elements radium 
and polonium" 


Victor Grignard (France): 
"for the discovery of the so-called Grignard reagent, which has greatly helped in the 
development of organic chemistry" 


Paul Sabatier (France): 
"for his method of hydrogenating organic compounds in the presence of finely divided 
metals" 
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1913 


1914 


1915 


1916 
1917 
1918 


1919 
1920 


1921 


1922 


1923 


1924 


1925 


1926 


1927 


1928 


1929 


Nobel Prize Winners 909 


Alfred Werner (Switzerland): 

"for his work on the linkage of atoms in molecules by which he has thrown new light on 
earlier investigations and opened up new fields of research especially in inorganic 
chemistry " 


Theodore W. Richards (U.S.): 
"for his accurate determinations of the atomic weights of a great number of chemical 
elements" 


Richard M. Willstütter (Germany): 
"for his research on plant pigments, principally on chlorophyll" 


No award 
No award 


Fritz Haber (Germany): 
"for the synthesis of ammonia from its elements, nitrogen and hydrogen" 


No award 


Walther H. Nernst (Germany): 
"for his thermochemical work" 


Frederick Soddy (Britain): 
"for his contributions to the chemistry of radioactive substances and his investigations into 
the origin and nature of isotopes" 


Francis W. Aston (Britain): 
"for his discovery, by means of his mass spectrograph, of the isotopes of a large number 
of nonradioactive elements, as well as for his discovery of the whole-number rule" 


Fritz Pregl (Austria): 
"for his invention of the method of microanalysis of organic substances" 


No award 


Richard A. Zsigmondy (Germany): 
for his demonstration of the heterogeneous nature of colloid solutions, and for the methods 
he used, which have since become fundamental in modern colloid chemistry " 


Theodor Svedberg (Sweden): 
"for his work on disperse systems" 


Heinrich O. Wieland (Germany): 
"for his research on bile acids and related substances" 


Adolf O. R. Windaus (Germany): 
"for his studies on the constitution of the sterols and their connection with the vitamins" 


Arthur Harden (Britain): 
Hans von Euler-Chelpin (Sweden): 
"for their investigation on the fermentation of sugar and of fermentative enzymes" 
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1930 


1931 


1932 


1933 
1934 


1935 


1936 


1937 


1938 


1939 


1940 
1941 
1942 
1943 


1944 


Nobel Prize Winners 


Hans Fischer (Germany): 
"for his researches into the constitution of hemin and chlorophyll, and especially for his 
synthesis of hemin" 


Frederich Bergius (Germany): 

Carl Bosch (Germany): 

"for their contributions to the invention and development of chemical high-pressure 
methods" 


Irving Langmuir (U.S.): 
"for his discoveries and investigations in surface chemistry" 


No award 


Harold C. Urey (U.S.): 
"for his discovery of heavy hydrogen" 


Frederic Joliot (France): 
Irene Joliot-Curie (France): 
"for their synthesis of new radioactive elements" 


Peter J. W. Debye (Netherlands/U.S.): 
"for his contributions our knowledge of molecular structure through his investigations on 
dipole moments and on the diffraction of X rays and electrons in gases" 


Walter N. Haworth (Britain): 
"for his researches into the constitution of carbohydrates and vitamin C" 


Paul Karrer (Switzerland): 
"for his researches into the constitution of carotenoids, flavins, and vitamins A and B" 


Richard Kuhn (Germany): 
"for his work on carotenoids and vitamins" 


Adolf F. J. Butenandt (Germany): 
"for his work on sex hormones" 


Leopold Ruzicka (Switzerland): 
"for his work on polymethylenes and higher terpenes" 


No award 

No award 

No award 

Georg de Hevesy (Hungary): 

"for his work on the use of isotopes as tracer elements in researches on chemical pro- 


cesses" 


Otto Hahn (Germany): 
"for his discovery of the fission of heavy nuclei" 
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1945 


1946 


1947 


1948 


1949 


1950 


1951 


1952 


1953 


1954 


1955 


1956 


1957 


Nobel Prize Winners 911 


Artturi I. Virtanen (Finland): 
"for his researches and inventions in agricultural and nutritive chemistry, especially for his 
fodder preservation method" 


James B. Sumner (U.S.): 
"for his discovery that enzymes can be crystallized" 


John H. Northrop (U.S.): 
Wendell M. Stanley (U.S.): 
for their preparation of enzymes and virus proteins in a pure form" 


Sir Robert Robinson (Britain): 
"for his investigations on plant products of biological importance, particularly the 
alkaloids" 


Arne W. K. Tiselius (Sweden): 
"for his researches on electrophoresis and adsorption analysis, especially for his discov- 
eries concerning the complex nature of the serum proteins" 


William F. Giauque (U.S.): 
"for his contributions in the field of chemical thermodynamics, particularly concerning the 
behavior of substances at extremely low temperatures" 


Kurt Alder (Germany): 
Otto P. H. Diels (Germany): 
"for their discovery and development of the diene synthesis" 


Edwin M. McMillan (U.S.): 
Glenn T. Seaborg (U.S.): 
"for their discoveries in the chemistry of the transuranium elements" 


Archer J. P. Martin (Britain): 
Richard L. M. Synge (Britain): 
"for their development of partition chromatography" 


Hermann Staudinger (Germany): 
"for his discoveries in the field of macromolecular chemistry" 


Linus C. Pauling (U.S.): 
"for his research into the nature of the chemical bond and its application to the elucidation 
of the structure of complex substances" 


Vincent du Vigneaud (U.S.): 
"for his work on biochemically important sulfur compounds, especially for the first 
synthesis of a polypeptide hormone" 


Sir Cyril N. Hinshelwood (Britain): 
Nikolai N. Semenov (U.S.S.R.): 
"for their research in clarifying the mechanisms of chemical reactions in gases" 


Sir Alexander R. Todd (Britain): 
"for his work on nucleotides and nucleotide coenzymes" 
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1958 


1959 


1960 


1961 


1962 


1963 


1964 


1965 


1966 


1967 


1968 


1969 


1970 


Nobel Prize Winners 


Frederick Sanger (Britain): 
"for his work on the structure of proteins, particularly insulin" 


Jaroslav Heyrovsky (Czechoslovakia): 
"for his discovery and development of the polarographic method of analysis" 


Willard F. Libby (U.S.): 
"for his method to use carbon-14 for age determination in archaeology, geology, geo- 
physics, and other branches of science" 


Melvin Calvin (U.S.): 

"for his research on the carbon dioxide assimilation in plants" 
John C. Kendrew (Britain): 

Max F. Perutz (Britain): 

"for their studies of the structures of globular proteins" 


Giulio Natta (Italy): 

Karl Ziegler (Germany): 

"for their work in the controlled polymerization of hydrocarbons through the use of 
organometallic catalysts" 


Dorothy C. Hodgkin (Britain): 
"for her determinations by X-ray techniques of the structures of important biochemical 
substances, particularly vitamin B12 and penicillin" 


Robert B. Woodward (U.S.): 
"for his outstanding achievements in the 'art' of organic synthesis" 


Robert S. Mulliken (U.S.): 
"for his fundamental work concerning chemical bonds and the electronic structure of 
molecules by the molecular orbital method" 


Manfred Eigen (Germany): 

Ronald G. W. Norrish (Britain): 

George Porter (Britain): 

"for their studies of extremely fast chemical reactions, effected by disturbing the equilib- 
rium with very short pulses of energy" 


Lars Onsager (U.S.): 
"for his discovery of the reciprocal relations bearing his name, which are fundamental for 
the thermodynamics of irreversible processes" 


Sir Derek H. R. Barton (Britain): 

Odd Hassel (Norway): 

"for their contributions to the development of the concept of conformation and its 
application in chemistry" 


Luis F. Leloir (Argentina): 
"for his discovery of sugar nucleotides and their role in the biosynthesis of carbohydrates" 
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1971 


1972 


1973 


1974 


1975 


1976 


1977 


1978 


1979 


1980 


Nobel Prize Winners 913 


Gerhard Herzberg (Canada): 
"for his contributions to the knowledge of electronic structure and geometry of molecules, 
particularly free radicals" 


Christian B. Anfinsen (U.S.): 
"for his work on ribonuclease, especially concerning the connection between the amino 
acid sequence and the biologically active conformation" 


Stanford Moore (U.S.): 

William H. Stein (U.S.): 

"for their contribution to the understanding of the connection between chemical structure 
and catalytic activity of the active center of the ribonuclease molecule" 


Ernst Otto Fischer (Germany): 

Geoffrey Wilkinson (Britain): 

"for their pioneering work, performed independently, on the chemistry of the organo- 
metallic sandwich compounds" 


Paul J. Flory (U.S.): 
"for his fundamental achievements, both theoretical and experimental, in the physical 
chemistry of macromolecules" 


John Cornforth (Australia/Britain): 
"for his work on the stereochemistry of enzyme-catalyzed reactions" 


Vladimir Prelog (Yugoslavia/Switzerland): 
"for his work on the stereochemistry of organic molecules and reactions" 


William N. Lipscomb (U.S.): 
"for his studies on the structures of boranes illuminating problems of chemical bonding" 


Ilya Pregogine (Belgium): 
"for his contributions to nonequilibrium thermodynamics, particularly the theory of 
dissipative structures" 


Peter Mitchell (Britain): 
"for his contribution to the understanding of biological energy transfer through the 
formulation of the chemiosmotic theory" 


Herbert C. Brown (U.S.): 
"for his application of boron compounds to synthetic organic chemistry" 


Georg Wittig (Germany): 
"for developing phosphorus reagents, presently bearing his name" 


Paul Berg (U.S.): 
"for his fundamental studies of the biochemistry of nucleic acids, with particular regard to 
recombinant DNA" 


Walter Gilbert (U.S.) 
Frederick Sanger (Britain): 
"for their contributions concerning the determination of base sequences in nucleic acids" 
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1981 


1982 


1983 


1984 


1985 


1986 


1987 


1988 


1989 


1990 


199] 


Nobel Prize Winners 


Kenichi Fukui (Japan) 
Roald Hoffmann (U.S.): 
for their theories, developed independently, concerning the course of chemical reactions" 


Aaron Klug (Britain): 
"for his development of crystallographic electron microscopy and his structural elucidation 
of biologically important nucleic acid — protein complexes" 


Henry Taube (U.S.): 
"for his work on the mechanisms of electron transfer reactions, especially in metal 
complexes" 


R. Bruce Merrifield (U.S.): 
"for his development of methodology for chemical synthesis on a solid matrix" 


Herbert A. Hauptman (U.S.): 

Jerome Karle (U.S.): 

"for their outstanding achievements in the development of direct methods for the determina- 
tion of crystal structures" 


John C. Polanyi (Canada): 
"for his pioneering work in the use of infrared chemiluminescence in studying the 
dynamics of chemical reactions" 


Dudley R. Herschbach (U.S.): 
Yuan T. Lee (U.S.): 
"for their contributions concerning the dynamics of chemical elementary processes" 


Donald J. Cram (U.S.): 

Jean-Marie Lehn (France): 

Charles J. Pedersen (U.S.): 

"for their development and use of molecules with structure-specific interactions of high 
selectivity" 


Johann Deisenhofer (Germany): 

Robert Huber (Germany): 

Hartmut Michel (Germany): 

"for their determination of the structure of the photosynthetic reaction center of bacteria" 


Sidney Altman (U.S.): 
Thomas R. Cech (U.S.): 
"for their discovery of catalytic properties of RNA" 


Elias J. Corey (U.S.): 
"for his development of the theory and methodology of organic synthesis" 


Richard R. Ernst (Switzerland): 
"for his contributions to the development of the methodology of high resolution NMR 
spectroscopy" 
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Rudolph A. Marcus (0.5.): 
"for his contributions to the theory of electron-transfer reactions in chemical systems" 


Kary B. Mullis (U.S.): 
"for his development of the polymerase chain reaction" 


Michael Smith (Canada): 
"for his fundamental contributions to the establishment of oligonucleotide-based site- 
directed mutagenesis and its development for protein studies" 


George A Olah (U.S.): 
"for pioneering research on carbocations and their role in the chemical reactions of 
hydrocarbons" 


F. Sherwood Rowland (U.S.) 

Mario Molina (U.S.) 

Paul Crutzen (Germany) 

"for their work in atmospheric chemistry, particularly concerning the formation and 
decomposition of ozone" 


Robert F. Curl, Jr. (U.S.) 

Harold W. Kroto (U.K.) 

Richard E. Smalley (U.S.) 

"for their discovery of carbon atoms bound in the form of a ball (fullerenes)." 


Paul D. Boyer (U.S.) 

John E. Walker (U.K.) 

"for having elucidated the mechanism by which ATP synthase catalyzes the synthesis of 
adenosine triphosphate, the energy currency of living cells" 


Jens C. Skou (Denmark) 
"for his discovery of the ion-transporting enzyme Na*-K* ATPase, the first molecular 


pump" 


Walter Kohn (U.S.) 

John A. Pople (U.S.) 

“to Walter Kohn for his development of the density-functional theory and to John Pople for 
his development of computational methods in quantum chemistry " 


Ahmed H. Zewail (Egypt, U.S.) 
"for his studies of the transition states of chemical reactions using femtosecond spectro- 


scopy." 


Alan J. Heeger (U.S.) 

Alan G. MacDiarmid (U.S.) 

Hideki Shirakawa (Japan) 

"for opening and developing the important new field of electrically conductive polymers" 


William S. Knowles (U.S.) 

Ryoji Noyori (Japan) 

K. Barry Sharpless (U.S.) 

"for their work on chirally catalysed hydrogenation and oxidation reactions" 


916 Nobel Prize Winners 


2002 John B. Fenn (U.S.) 
Koichi Tanaka (Japan) 
"for their development of soft desorption ionisation methods for mass spectrometric 
analyses of biological macromolecules" 


Kurt Wüthrich (Switzerland) 
"for his development of nuclear magnetic resonance spectroscopy for determining the three- 
dimensional structure of biological macromolecules in solution" 


2003 Peter Agre (U.S.) 
"for the discovery of water channels in cell membranes" 
Roderick MacKinnon (U.S.) 
“for structural and mechanistic studies of ion channels in cell membranes” 


2004 Aaron Ciechanover (Israel) 
Avram Hershko (Israel) 
Irwin Rose (U.S.) 
"for the discovery of ubiquitin-mediated protein degradation" 


2005 Yves Chauvin (France) 
Robert H. Grubbs (U.S.) 
Richard R.Schrock (U.S.) 
"for the development of the metathesis method in organic synthesis" 


2006 Roger D. Kornberg (U.S.) 
"for his studies of the molecular basis of eukaryotic transcription" 


2007 Gerhard Ertl (Germany) 
"for his studies of chemical processes on solid surfaces" 


2008 Osamu Shimomura (U.S.) 
Martin Chalfie (U.S.) 
Roger Y. Tsien (U.S.) 
"for the discovery and development of the green fluorescent protein" 


2009 Venkatraman Ramakrishnan (U.S.) 
Thomas A. Steitz (U.S.) 
Ada E. Yonath (Israel) 
"for studies of the structure and function of the ribosome" 


2010 Richard F. Heck (U.S.) 
Ei-ichi Negishi (U.S.) 
Akira Suzuki (Japan) 
"for palladium-catalyzed cross couplings in organic synthesis" 
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